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ABSTRACT 
Polymeric materials are of interest to the fiber optics industry as glass-silica fibers 
are prone to fracture. However, the thermal resistance properties of current polymeric 
materials have limited their use in some optical applications including high performance 
lasers and high speed telecommunication systems. Therefore, it is of interest to develop 
new polymer materials and systems with enhanced thermal properties and processability 
for application in optics. This work focuses on the novel Perfluorocyclobutyl (PFCB) 
polymer systems. PFCB polymers possess characteristics that make them suitable for 
optics applications including: a low refractive index, high thermal stability and high 
chemical resistance. However, little is known about the thermal and rheological 
properties and the processability of PFCB polymers.  In this study, two PFCB polymeric 
materials are investigated: 4,4’-Bis(4-trifluorovinyloxy) biphenyl (hereafter referred to as 
BPVE) and 2,2-Bis(4-trifluorovinyloxyphenyl)-1,1,1,3,3,3-hexafluoropropane (hereafter 
referred to as 6F). BPVE and 6F of different molecular weights were employed.  Both the 
pure materials and blends of BPVE and 6F were studied. A systematic approach was 
undertaken to study the thermal and flow properties of PFCB polymers and blends in 
which both molecular weight and the concentration in a blend could be manipulated. 
Films were also produced employing a lab scale twin-screw microcompounder with film 
casting attachment. The experiments employed demonstrated the different effects of 
molecular weight on the thermal and viscoelastic properties of PFCB polymers (pure and 
blends). For the PFCB blends, the concentration of 6F (varying from 20% to 80%) has a 
significant impact on the rheological and thermal behavior of the materials. For the melt 
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processing of PFCB materials, BPVE polymers with low molecular weight and blends of 
BPVE/6F were successfully extruded under specific conditions. This study suggests that 
the molecular weight of PFCB polymers strongly affects the melt processing, as a large 
increase in molecular weight (Mw) is observed after films are successfully extruded. For 
specific blends however, containing relatively high molecular weights, films can be 
processed as it is demonstrated that 6F reduces the viscoelastic properties in the 
BPVE/6F blends.  
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CHAPTER 1 
INTRODUCTION 
 Recent work shows an increasingly diverse range of applications for high 
performance polymers in areas such as optical materials (Skavara, 2000), high 
temperature adhesives (Frazer, 1969), water repellant materials (Castelvetro et al., 2001) 
and several other applications (Han, 2007). Over the past few decades, the interest in 
polymers as optical fibers has grown due to the necessity to have fibers less brittle than 
silica. Typically, polymethyl methacrylate (PMMA) and polystyrene (PS) are known for 
their applications in different optical applications (Kuzyk, 2007). During the 1990s, a 
variety of polymers were studied in order to develop materials with higher thermal 
resistance, better mechanical properties and higher flexibility than PMMA and PS. Thus, 
the search for novel polymeric materials for optical applications began.  
 Polycarbonates (Eijkelenborg et al., 2008), polyimides, polyisocyanurates 
(Flipsen et al., 1996), polysiloxanes (Flipsen et al., 1998) and a series of fluoropolymers 
have been studied in order to compete with PMMA and PS in the optics field. 
Researchers have focused on fluorinated polymers since the C-F bonds result in low 
optical losses, enhance thermal stability and provide a high chemical resistance. 
Perfluorocyclobutyl (PFCB) materials have shown high thermal stability, excellent 
optical properties and good mechanical properties as compared to the other polymers 
currently used. PFCB polymers have been investigated and are attractive materials for: 
(1) alternative applications in photonics (Cheng, 2002), (2) Proton exchange membranes 
(Hernandez, 2008; Ford et al., 2005), (3) coatings materials (Smith, 2000) and (4) 
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polymer optical waveguides (Iacono et al., 2007). However, at this time little is known 
about their melt processability.  
 PFCB polymers have been synthesized using a thermally activated 
cyclodimerization reaction, which is described in later sections. In this study, a 
systematic series of experiments were performed in order to investigate the thermal and 
flow properties of PFCB polymers at different potential processing conditions. Two 
PFCB polymeric materials are investigated: 4,4’-Bis(4-trifluorovinyloxy) biphenyl 
(hereafter referred to as BPVE) and 2,2-Bis(4-trifluorovinyloxyphenyl)-1,1,1,3,3,3-
hexafluoropropane (hereafter referred to as 6F). BPVE and 6F polymers with various 
molecular weights were provided by Tetramer Technologies LLC (Pendleton, SC). In 
addition to pure PFCB polymers, blends of BPVE and 6F at different concentrations were 
also studied. Blends ranged from 20 to 80 percent of 6F mass concentration. 6F has been 
reported to act as a plasticizer and lubricant in a PFCB blend (Babb et al., 1994).  
 The primary objectives of this work are to: (1) investigate the viscoelastic and 
thermal properties of PFCB polymeric materials (both pure and blends) of different 
molecular weights; (2) study the melt processing of the PFCB  materials; and (3) analyze 
PFCB films to observe the structure and molecular weight after heat/extrusion treatments.  
Specifically, the experiments performed in this study were as follows: 
? Thermal gravimetric analysis 
? Differential scanning calorimetry  
? Dynamic oscillatory shear experiments 
? Melt film casting 
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? Fourier transform infrared-attenuated total reflectance spectroscopy for 
analysis on the structure of PFCB films 
? Gel permeation chromatography to determine molecular weight distribution of 
PFCB films  
? Polarized optical microscopy to determine the structure of PFCB films. 
This thesis is organized as follows: a literature review of (1) the different 
polymers that have been studied as polymeric optical fibers to date, (2) common 
extrusion processes for the production of optical fibers and (3) synthesis and properties of 
PFCB polymers is presented in Chapter 2. Materials and experimental procedures are 
discussed in Chapter 3. Results obtained from the experiments are reported and discussed 
in Chapter 4. Conclusions are presented in Chapter 5. Finally, recommendations for 
future work are detailed in Chapter 6.  
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CHAPTER 2 
LITERATURE REVIEW 
Polymers are widely used in packaging materials, coatings, transparent materials, 
biomedical applications, optical fibers, fluid modifiers and several other applications 
(Han, 2007). In the early 1970s, polymer optical fibers (POF) began to be developed 
(Kuzyk, 2007). Historically, the fiber-optics market has centered on the use of silica and 
doped silica fibers. However, the brittle nature of these materials spurred researchers to 
study other materials.  
Polymeric optical fibers (POF) are of particular interest because of their ductility 
and ability to operate over both short and long distances without cracking. Polymethyl 
methacrylate, polystyrene, polycarbonates and many other polymeric fibers (Emslie, 
1988; Kuzyk, 2007) have been studied throughout the years, but fluorinated polymers 
show promise due to their lower optical losses as a result of the presence of heavy 
fluorine atoms in place of hydrogen groups. One of the recent discoveries, 
Perfluorocyclobutyl (PFCB) polymer fibers, contain a hexafluorocyclobutane ring which 
provides good thermal stability, increased solubility and enhanced ignition resistance as 
compared to other POF. In this work, we investigate novel PFCB fibers.   
This chapter includes a review of the characteristics of existing optical polymers – 
such as refractive index, thermal stability and melt processability – and then reviews the 
synthesis of PFCB polymers. Section 2.1 provides a brief history of the development of 
polymers in optical applications along with a discussion of the typical characteristics in 
an optical polymer. The literature that reports on the melt processability of polymer 
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optical fibers/films is discussed in Section 2.2. Section 2.3 discusses (1) prior work on the 
polymerization, synthesis and properties of PFCB polymers and (2) the general 
characteristics of both PFCB and current polymer optical fibers. 
2.1. Polymer Optical Fibers 
The necessity to have optical fibers that can be flexible and less brittle than glass 
entailed the development of polymer optical fibers (Emslie, 1988). The first reported 
developments on polymer optical fibers started in the early 1970s simultaneously in the 
United States, by DuPont, and in Japan, by Mitsubishi Rayon (Kuzyk, 2007). These two 
companies focused their studies on polymethyl methacrylate (PMMA) and polystyrene 
(PS), and these materials have been a major component of polymer optical fibers 
subsequently. These polymers are used as the core material in a fiber, and several 
different fluorinated polymers have been employed as cladding. For example, CrofonTM, 
a fiber optic filament surrounded by a plastic covering  (Reynolds, 1970), was patented 
by DuPont, and EskaTM, which is a PMMA core with a polyfluoroalkylmethacrylate 
cladding, was registered by Mitsubishi Rayon (Emslie, 1988). 
PS and PMMA based optical fibers have been continuously improved over the 
years. One of the major problems found in the core fibers (both PMMA and PS) was the 
optical losses – approximately 300 dB/km – obtained within the fibers (Kaino et al., 
1981). During the 1980s, Kaino and coworkers (1981) developed a method to create a 
core made of a polymer fiber with less losses compared to previous studies. The method  
consisted in an in-situ polymerization followed by an extrusion and a coating process to 
generate the cladding. They were able to reduce optical losses to 55db/km for PMMA 
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fibers (Emslie, 1988).  Oikawa et al. (1979) did some similar studies focusing on PS–
based fibers and reported optical losses of 105 dB/km.  The studies also used an extrusion 
process, but the polymerization was undertaken in a separate process (Kuzyk, 2007). 
Although PS and PMMA based fibers are used in optical applications, because 
their attenuation is relatively low they are only useful for the wavelength range from 450 
nm to 650 nm (Mendez and Morse, 2007).  Therefore, an interest in finding novel 
materials that can be potential candidates as optical fibers useful for different 
wavelengths has emerged. Most of the research has focused on developing materials with 
a high thermal stability, high conductivity and low refractive index. Polyfluorenes offer 
high electrical conductivity and ease of processing, and are good candidates for 
applications such as light emitting diodes and optical or electrochemical sensors (Leclerc, 
2001). Polycarbonates possess high thermal stability – with a Tg = 150ºC as compared to 
PMMA with a Tg = 100ºC – however, they have higher optical losses than PMMA and 
are sensitive to cracking (Eijkelenborg et al., 2008). Polyisocyanurate (Flipsen et al., 
1996) and polysiloxane (Flipsen et al., 1998) are densely crosslinked polymers and 
provide a good balance of low optical losses, due to a lower compressibility, and high 
thermal stability which is achieved because of their crosslinked chains. 
Even though several different polymers have been studied, researchers have 
focused on fluorinated polymers mainly because of the lower optical losses that are 
achieved by replacing a C-H bond with a C-F bond (Imae, 2003). Several fluorinated 
polymers have been studied and most of the research focuses on fluorinated poly aryl 
ethers (Song et al., 2008), fluorinated polyacrylates (Huang et al., 2007), fluorinated 
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polyimides (Zhu et al., 2008), fluorinated dendrimers (Hong et al., 2004) and 
perfluorocyclobutyl (PFCB) polymers (Ballato et al., 2003).  In this study, we focus on 
PFCB polymers because of their good thermal stability, increased solubility and 
improved mechanical properties. These properties are discussed with more detail in 
Section 2.3.  
2.2. Melt Processing of Polymer Optical Fibers 
Several different fabrication techniques have been developed and improved for 
polymer optical fibers. The main method for the production of POF involves melt 
processing. The typical optical fiber produced is known as a Step-Index plastic optical 
fiber (SI-POF) composed of the characteristic core-cladding structure (Nalwa, 2004). 
Production of SI-POF is performed by employing one of the following procedures: 
continuous extrusion, batch extrusion or fiber drawing. These processes are explained in 
the following sections.    
2.2.1. Continuous Extrusion Process 
Due to its simplicity, the most attractive method for the production of SI-POF is 
continuous extrusion. This process was patented by Mitsubishi Rayon in the development 
of Eska TM (Nalwa, 2004) and is illustrated in Figure 2.1. Continuous extrusion initially 
starts by feeding monomer to the reactor where it is combined with a polymerization 
initiator and a chain transfer agent to initiate the polymerization reaction. The 
components are constantly fed to the reactor once the production of fibers start. The main 
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control parameter for this step of the process is reaction temperature: for the case of 
common polymeric optical fiber precursors (polymethyl methacrylate or polystyrene) is 
approximately 150 ºC (Emslie, 1988). 
Since a core-cladding structure is required, a coextrusion process is utilized 
(Kuzyk, 2007). Gear pumps are employed to move the polymer melts from the reactor to 
the core extruder and on to the coextrusion die, leading a continuous production of SI-
POF fibers. The core-cladding optical and physical properties will depend on the process 
conditions such as reaction temperature, degree of polymerization, extrusion conditions, 
and the amount of monomer utilized. The monomer can act as a plasticizer, reducing the 
viscosity and increasing the rate of mobility of the polymers within the extruders. 
 
Figure 2.1: Continuous extrusion process. Adapted from Kuzyk (2007) 
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2.2.2. Batch extrusion process  
Another extrusion method for the production of SI-POF is known as the batch 
extrusion process. This method was introduced by Kaino et al. (1981) and a general 
scheme of the process is illustrated in Figure 2.2. In this process, three different vessels 
are used. The first vessel contains the monomer. The second vessel stores the initiator 
and/or chain propagator. The third vessel is a reactor. The process begins when a specific 
amount of monomer is moved into the reactor where a vacuum is applied. After that, the 
initiator/chain propagator is introduced into the reactor, the temperature is adjusted, and 
the polymerization is carried out in situ for at least eighteen hours (Emslie, 1988; Kuzyk, 
2007).  
Once the polymerization is completed, the temperature is increased inside the 
reactor to approximately 200ºC (Kaino et al., 1981) for typical optical polymer fibers (PS 
and PMMA). Then, the reactor is pressurized using nitrogen and a fiber is drawn from the 
fiber nozzle. The cladding polymer is coated to the drawn fiber by taking the core fiber to 
a second nozzle (cladding nozzle). Finally, the SI-POF fiber is obtained.  
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Figure 2.2: Batch extrusion process. Adapted from Kuzyk (2007) 
 
Both SI-POF extrusion processes have been widely used in the development of 
optical fibers. Batch extrusion has a restricted production rate, and the process requires 
several hours to be completed, whereas continuous extrusion provides high production 
rates and continuous formation of fibers (Nalwa, 2004).  
Excellent optical properties of the fibers are required. Therefore, thermal 
degradation/oxidation must be avoided during the extrusion process. Special 
considerations, such as controlled feeding mechanisms, are usually taken when 
continuous extrusion is performed, since any degraded materials formed in the process 
will stop the production leading to a need to clean the equipment prior to the beginning of 
a new run. In contrast, thermal oxidation is highly unlikely to happen in the batch 
extrusion process because all vessels are completely sealed  and the reaction steps are 
performed under vacuum (Kuzyk, 2007). 
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2.2.3. Heat-Drawing Process 
 
Besides extrusion processes, heat-drawing is another important method employed 
to produce polymer optical fibers. Drawing is used widely in the production of glass 
fibers. Figure 2.3 gives a general scheme of the drawing process.  This process is 
characterized by the usage of a “preform” – a sealed container where monomer, initiator 
and/or chain propagator are combined under the required conditions before the initiation 
of the actual process. Cladding and/or dye doped fibers can also be processed in the same 
preform geometry by using special geometries and shapes within the vessel; this method 
is described elsewhere by Garvey et al. (1996). 
The preform is taken to the drawing machine and is placed in a vertical position 
so that the lower portion of the preform is heated (Nalwa, 2004). Then, the drawing oven 
heats the preform until the POF reaches its softening point and it begins to come out due 
to the polymer weight and gravity effects. A take up roll is located under the oven and the 
fiber is pulled using a specific amount of tension (Emslie, 1988) until a constant fiber 
diameter is reached. Special precautions need to be taken because optical properties are 
function of the diameter of the fiber (Mendez and Morse, 2007), so a sensor is frequently 
placed under the furnace for quality control to ensure a constant fiber diameter is 
obtained.   
  12  
 
Figure 2.3: Heat-drawing process for the production of optical fibers. Adapted from 
Emslie (1988) 
  
Some modifications have been made to the basic heat-drawing process in the 
optical polymer fiber industry. Electric fields have been imposed on the fiber core while 
the drawing process is taking place.  This provides a pole effect in the fibers when dye-
doped fibers are manufactured (Welker et al., 1998).  The die design after the preform 
exit has also been modified to create microstructure optical fibers (Ebendorff-Heidepriem 
and Monro, 2007). 
2.3. Fluoropolymers and the development of perfluorocyclobutyl polymers (PFCB) as 
optical fibers. 
 
The development of fluoropolymers has opened a new window within the 
polymer science/processing field due to the lower optical losses obtained as a 
consequence of the C–F bonds. The discovery of polytetrafluoroethylene (PTFE) in 1938 
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(Ebnesajjad and Khaladkar, 2005) led to the beginning of studies and research focused on 
fluoropolymers. As mentioned in Section 2.1, many different fluoropolymers have been 
synthesized.  However, in keeping within the scope of this work, we focus in this section 
on the development of one specific type of fluoropolymer, namely perfluorocyclobutyl 
polymers (PFCB). The discovery of the first perfluorocyclobutyl (PFCB) ring in 1947 
(Beckerbauer, 1968) led to different studies and applications of PFCB materials (Babb et 
al., 1993; Souzy, 2004; Iacono et al., 2007). PFCB rings were obtained from the 
decomposition products of polytetrafluoroethylene (PTFE). Fluoropolymers were 
employed in optical fibers from the early seventies, when Kaino et al. (1981) developed a 
cladding made of a fluoropolymer. 
Nowadays, substantial research activity has focused on the development of 
fluoropolymers as core fibers in the optical market. This is due to the effect of the C–F 
bonds, which have a low intrinsic absorption (leading to lower losses), as compared to C–
H bonds at a certain wavelength (Gordon et al., 2005). Fluoropolymers are also 
characterized by good thermal stability, chemical resistance, low surface energy, and 
good mechanical properties (Ebsennajadah, 2000).  
In this work, a study of perfluorocyclobutyl (PFCB) polymers is undertaken. In 
the following sections, the prior work on PFCB synthesis and properties is discussed. 
Section 2.3.1 describes the synthesis of PFCB polymers using (1) the classic thermal 
cyclodimerization polymerization process, (2) the condensation polymerization process 
and (3) the most common synthesis route of the monomer base for the cyclodimerization 
reaction. Section 2.3.2 describes general properties for some PFCB polymers.  
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2.3.1. Perfluorocyclobutyl polymers  
During the early nineties, Dow Chemical Company (Babb et al., 1991) 
synthesized and studied different perfluorocyclobutyl (PFCB) polymers. PFCBs are 
semifluorinated polymers, which have been developed to exhibit superior electrical and 
insulating properties (Babb et al., 1993), high thermal stability (Kenneddy et al., 1995), 
and high solubility (Babb et al., 1996). The synthesis of PFCB materials has been well 
studied and two routes are known for the preparation of these types of polymers.  
The traditional and most often utilized process for the synthesis of PFCB 
materials consists of a thermal reaction, where at least two dimerizable monomers 
(Trifluorovinyl ether) are available (Babb et al., 1991). The name for this type of reaction 
is the thermal [2π+2π] cyclodimerization reaction (Babb et al., 1993) and is illustrated in 
Figure 2.4. The cyclodimerization is undertaken using aryl trifluorovinyl ethers (TVE) 
(1).  A temperature of at least 150ºC is required to initiate the radical-mediated [2π+2π] 
cycloaddition (2) reaction. In this reaction no catalyst is necessary and no condensation 
products result. This process can be performed as a melt or in the presence of boiling 
solvents (Iacono et al., 2007). The formation of –C–C– bonds (2) starting from the –
C=C– bonds (1) is activated thermally as a result of the lower double bond (–C=C–) 
energy (Ford et al., 2005). Finally, dimerization occurs principally in a head-to-head 
fashion generating a 1,2 substitution of the aryl ether within the formed 
hexafluorocyclobutane ring (3), which can have a cis-1,2 or trans-1,2 conformation.  
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Figure 2.4: PFCB thermal [2π+2π] cyclodimerization process. Adapted from Babb et al., 
(1993)  
 
A second but less common method to prepare PFCB polymers is the well known 
polycondensation synthesis shown in Figure 2.5. During this polymerization, 1,2 -
hexafluorocyclobutyl aryl ether monomers (1) combine with a specific type of agent such 
as  diphenols or other materials as specified by the letter X in Figure 2.5 (Iacono et al., 
2007) (2). One particular application occurs when the aryl group in the 
hexafluorocyclobutyl monomer is different from that one on the specific agent (i.e. a 
diphenol with X=OH (2) and Aryl(1) not equal to Aryl(2)). In this case, a PFCB polymer 
with different aryl groups can be obtained. According to Iacono’s work (Iacono et al., 
2007) the specific selection of the aryl groups in a PFCB polymer will lead to materials 
with properties that can be used in different applications, such as proton exchange 
membranes (PEMs) for fuel cells, light emitting diodes, curing additives and chemical 
sensing. 
 
Figure 2.5: PFCB classic condensation polymerization process. Adapted from Iacono et 
al., (2007)  
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Trifluorovinyl ether monomers – the base for the synthesis processes explained 
above – are commonly prepared in a two step process starting with phenolic precursors, 
as shown in Figure 2.6. First, a fluoroalkylation takes place where a phenol reacts with 
1,2-dibromotetrafluoroethane using dimethylsulfoxide (DMSO) and potassium hydroxide 
as the solvents. Then, an elimination reaction is used, where the dibrominated molecule 
reacts with zinc in acetonitrile to obtain the pure trifluorovinyl ether monomer (Babb et 
al., 1993). Additional methods to prepare trifluorovinyl ether monomers have emerged 
and are proposed elsewhere by Babb (1999) and Iacono (2008). 
 
Figure 2.6: Synthesis of trifluorovinyl ether monomers with phenolic precursors. Adapted 
from Iacono (2008). 
 
 
Several perfluorocyclobutyl (PFCB) polymers have been obtained using the 
methods described above. The research conducted and presented in this work is focused 
on the two aryl groups: (1) biphenyl and (2) hexafluoroisopropylidene, shown in Figure 
2.7. The names of the resulting PFCB polymers for each aryl group shown in Figure 2.7 
are: for the biphenyl aryl group - 4,4’-Bis(4-trifluorovinyloxy) biphenyl (BPVE) and for 
the hexafluoroisopropylidene aryl group - 2,2-Bis(4-trifluorovinyloxyphenyl)-1,1,1,3,3,3-
hexafluoropropane (6F).  
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Figure 2.7: Different Aryl Groups used for thermal cyclodimerization of 
perfluorocyclobutyl polymers. Adapted from Babb et al. ( 1991) 
 
Copolymers of perfluorocyclobutyl polymers have also been produced and 
studied (Smith et al., 2005). These PFCB copolymers have a characteristic chain formula 
indicated in Figure 2.8. Each aryl group presented in Figure 2.8 must be different from 
each other. The aryl group can be a biphenyl, hexafluoroisopropylidene, or any other aryl 
group studied or presented elsewhere (Iacono, 2008).  
 
Figure 2.8: PFCB copolymer compositions. Adapted from Smith et al., (2005) 
 
2.3.2. Properties of PFCB polymers  
The development of PFCB as commercial polymeric optical fibers requires an 
improvement in the quality, properties and processability to levels comparable to the 
silica and polymeric fibers in the market. In this work, we focus on BPVE and 6F. BPVE 
is an amorphous polymer possessing two phenyls groups attached to the 
hexafluorocyclobutane ring. 6F has been reported to be an “anomalous” polymer due to 
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the increase of free volume in materials containing it, which reduces their tendency to 
crystallize and lowers the glass transition temperature of the polymer (Smith et al., 2004). 
6F is a semi-crystalline PFCB polymer with high melting temperature and high solubility 
in common solvents (Smith et al., 2004). A description and comparison of these two 
polymers with some typical polymeric optical fibers is presented in the following 
sections.   
2.3.2.1. Optical Properties of PFCB polymers 
PFCB polymers have optical properties that are competitive with other polymeric 
fibers. The refractive index has been measured for BPVE and 6F at different wavelengths 
(Ballato et al., 2003). Table 2.1 shows the refractive indexes of several different 
materials, including BPVE and 6F at a wavelength of 1550 nm. Glass/silica fibers have 
the lowest refractive index for the materials shown. However, BPVE and 6F have 
refractive indices comparable to or lower than polymers currently used in the optical fiber 
market.  
Table 2.1: Refractive indexes of different materials at 1550 nm. 
Material 
Refractive index at  
1550 nm source 
BPVE 1.51 (Ballato et al., 2003) 
6F 1.44 (Ballato et al., 2003) 
Polycarbonate 1.59 (Nalwa, 2004) 
Polymethyl 
methacrylate 1.49 (Microchem, 2009) 
Polystyrene 1.58 (Nalwa, 2004) 
Glass/silica 1.46 (Nalwa, 2004) 
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Optical losses are another important consideration for polymeric optical fibers. 
Optical losses in polymers are mainly caused by absorption and scattering, and decrease 
the optical power during transmission (Mendez and Morse, 2007). PFCB polymers 
provide intrinsic losses below 10 dB/Km in the range of 1300 to 1600 nm (Ballato et al., 
2004), whereas silica fibers exhibit losses of only 0.16 dB/Km at a wavelength of 1550 
nm (Chartier, 2005). Although the difference in losses between silica and PFCB polymers 
is two orders of magnitude, PMMA fibers show minimum losses of 125 dB/Km at a 
wavelength of 567 nm (Kuzyk, 2007).  Therefore, PFCB polymers are potentially good 
competitors for current polymeric fibers at wavelengths where other materials cannot 
compete.   
2.3.2.2. General Characteristics of  PFCB polymers 
PFCB polymer optical properties appear to satisfy the optical requirements 
necessary for their introduction. In this section, the thermal, mechanical and viscoelastic 
properties are briefly reviewed in order to present them as new candidates in the optical 
fiber market.  
As discussed previously, PMMA and PS have a low glass transition temperature 
Tg of approximately 100ºC.  The first studies of BPVE presented by Babb and coworkers 
(1993) showed a Tg of 170 ºC analyzed using a dynamic mechanical analyzer (DMA). 
Differential Scanning Calorimetry was employed by Smith and coworkers and a Tg of 
165 ºC was reported (Smith et al., 2005). 6F is a semi-crystalline polymer with a Tg of 
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120 ºC and a melting peak at around 200 ºC. This data was obtained using a heating rate 
of 10 ºC/min under an inert atmosphere (Smith et al., 2004). 
One of the most common problems with current silica fibers is their tendency to 
crack due to the natural brittleness. This limitation is one of the main reasons for efforts 
to find a polymeric optical fiber that can replace them. Typically, the Young’s modulus is 
used to identify the stiffness of a material. Silica has a Young’s modulus of 72 GPa 
(Mendez and Morse, 2007), whereas BPVE has a Young’s modulus of only 1.7 GPa 
(Babb et al., 1993).  In comparison, polycarbonate has a Young’s modulus of 1.8 GPa 
(Huang and Lu, 2006), and PMMA has a Young’s modulus of approximately 2.5 GPa 
(Huang and Lu, 2006). 
Polymeric optical fibers are processed using one of the methods discussed in 
Section 2.2. It is important to understand the flow behavior, as characterized by the 
viscosity of the molten polymer, to undertake a typical extrusion process (Middleman, 
1977). The flow properties have not been reported yet in the literature for BPVE or 6F 
polymers, although the viscosity effects on the synthesis of a different PFCB polymer 
(1,1,1-Triphenyl ethane perfluorocyclobutyl ether) have been reported (Babb et al., 
1993).  The behavior of the monomer utilized for the synthesis of 1,1,1-Triphenyl ethane 
perfluorocyclobutyl ether was studied. A variation in temperature or time was performed 
in order to analyze the viscosity effects. Table 2.2 shows the steps followed by Babb et 
al. (1993) to develop the viscosity tests. All the viscosity measurements were obtained 
using a Physica rheometer.  
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Table 2.2: Analysis of previous viscosity studies on a PFCB polymer 
Step  Effect in viscosity  
1. Heating from ambient Temperature to 150ºC 1000 to 10 cP 
2. Hold at 150ºC for 3 hours 10 to 400 cP 
3. Cooling from 150ºC to 110ºC 400 to 200000 cP 
 
A discussion of the different steps presented in Table 2.2 is as follows: 
1. First, the monomer was put into the rheometer; then the sample was heated 
from ambient temperature to 150 ºC. A decrease in two orders of magnitude for 
viscosity was observed.  
2. The monomer was held for three hours at a constant temperature of 150ºC. For 
this instance, an increase in viscosity was observed (10 to 400 cP)  
3. A cooling step was performed from 150 ºC to 110 ºC. A viscosity value of 
200,000 cP was reported at 110 ºC. 
 The behavior observed by Babb et al. (1993) was employed to confirm that the 
thermal cyclodimerization reaction (Section 2.3.1) takes place by the increase in viscosity 
when a temperature of 150ºC (minimum temperature for the reaction to occur) was held 
constant.  
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CHAPTER 3 
EXPERIMENTAL, MATERIALS AND METHODS 
This chapter presents a description of the novel PFCB polymer systems that were 
studied in this work, along with an overview of the different experimental methods that 
were employed. Sample preparation and a list of pure PFCB polymers are presented in 
Section 3.1. Section 3.2 describes the procedure for blending PFCB polymers, a list of 
blend compositions prepared for analysis, and the reasoning for those compositions 
chosen for study. Finally, Section 3.3 presents a brief discussion of the experimental 
techniques utilized in this study. First, Differential Scanning Calorimetry (DSC), 
Thermogravimetric Analysis (TGA) and Shear Rheology techniques were employed to 
characterize the thermal and viscoelastic properties of PFCB polymers. Then, Twin 
Screw Extrusion was utilized for the production of PFCB films. Finally, Fourier 
Transform Infrared Spectroscopy (FTIR) and Gel Permeation Chromatography (GPC) 
were used to identify the primary structures and molecular weight of PFCB films.  
3.1. Material Preparation 
The two PFCB polymers analyzed in this study were 4,4’-Bis(4-trifluorovinyloxy) 
biphenyl (hereafter referred to as BPVE) and 2,2-Bis(4-trifluorovinyloxyphenyl)-
1,1,1,3,3,3-hexafluoropropane (hereafter referred to as 6F). Both polymers were 
synthesized by Tetramer Technologies LLC (Pendleton, SC).  
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PFCB polymers are synthesized by a thermal initiated step growth polymerization 
obtained from trifluorovinyl aromatic ether monomers (Babb et al., 1991), as discussed in 
Chapter 2. In this work, we investigate BPVE and 6F of different molecular weights. In 
addition, blends of BPVE and 6F materials are studied as well. The cyclopolymerization 
of BPVE is illustrated in Figure 3.1; 6F is obtained by a similar reaction.   
 
Figure 3.1: Biphenyl vinyl ether polymerization into PFCB polymers 
 
BPVE and 6F differ only in the aryl group that is used as the monomer, as 
discussed in Chapter 2. The 6F structure is illustrated in Figure 3.2.  
 
 
Figure 3.2: 6F polymer 
 
In this study, several PFCB polymers of varying molecular weight were analyzed.  
Table 3.1 lists the pure PFCB polymers. The procedure to obtain PFCB polymers at 
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different molecular weight follows the thermal cyclodimerization reaction. The specific 
molecular weight obtained is controlled through the reaction time. The molecular weight 
of the sample is then obtained by Gel Permeation Chromatography (GPC).  
 
Table 3.1: PFCB polymers studied. 
PFCB Molecular weight 
BPVE  5K 
  9K 
  13K 
  30K 
6F  5K 
  15K 
 
 
3.2. PFCB Blends: Material Preparation 
 
In addition to the pure BPVE and 6F, blends of the two types of polymer were 
also investigated. BPVE/6F blends with different compositions are obtained using a 
specific method developed by Tetramer Technologies. The different blends utilized for 
this study are presented in Table 3.2. The procedure to obtain a PFCB blend is based on a 
weight distribution; for example a blend of 20% 6F can be obtained by weighting 3 
grams of 6F and 12 grams of BPVE, and then dissolving these materials in 30 g of 
tetrahydrofuran (THF). In order to obtain the polymer blend, the material is precipitated 
out into a liter of methanol, and finally dried in a vacuum oven.  
By blending the two PFCB polymers, the final thermal and rheological properties 
of the blend are affected. The concentration and the average molecular weight of the 
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components within the blend are the primary factors that affect these properties. For 
example, it is shown in Chapter 4 that the concentration of 6F within the blend leads to a 
reduction of viscosity. But, viscosity also will increase as molecular weight of BPVE or 
6F is increased in the blend. Therefore, studies of how molecular weight and 
concentration affect the PFCB polymers properties are performed in Chapter 4. 
The components of the PFCB blends will also affect the melt processing. Babb 
and coworkers (1994) studies reveal that 6F can act as a plasticizer and a lubricant. 
Therefore, this effect is studied in this work by varying the concentration of 6F.  
The 6F polymer in a PFCB blend can also affect the thermal and mechanical 
properties of the blend. The blend ratios shown in Table 3.2 were chosen to provide a 
systematic study for deciding whether or not PFCB blends are good candidates for melt 
processing as compared to the pure PFCB polymers. 
Table 3.2: PFCB blends studied. 
PFCB   Sample ID 6F % BPVE % 
BPVE  13K 6F 5K A 20.4 79.6 
    B 39.7 60.3 
    C  64.0 36.0 
    D 84.3 15.7 
BPVE  13K 6F 15K E 20.0 80.0 
    F 39.6 60.4 
    G 60.4 39.6 
    H 80.3 19.7 
BPVE 30K 6F 5K I 20.9 79.1 
    J 40.6 59.4 
    K 60.7 39.3 
BPVE  30K 6F 15K L 19.6 80.4 
    M 40.6 59.4 
    N 59.8 40.2 
    O 78.8 21.2 
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3.3. Experimental Techniques 
Several different experimental techniques are employed in this work. 
Fundamental thermal and rheological properties were obtained. Subsequently, a twin-
screw extruder/microcompounder, which requires a volume of just 7.5 cubic centimeters, 
was used to produce films. Finally, these films were characterized using Gel Permeation 
Chromatography and FTIR. In the following section, a description of the experimental 
techniques and parameters used in each experiment is presented.  
3.3.1. Thermal Analysis 
Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry 
(DSC) techniques were employed to characterize the thermal properties of the PFCB 
polymers. TGA analysis provides information on the decomposition of the polymers so 
that the maximum temperature at which samples can be reasonably processed is 
estimated. PFCB samples were studied under a nitrogen atmosphere to avoid any 
oxidation/reaction during the heating process.  
The amount of solvent remaining from the preparation of PFCB polymers can 
also be estimated by using TGA analysis. PFCB polymers under investigation may have 
some solvent left from the different preparation processes discussed in Chapter two. 
Therefore, TGA analysis was useful to demonstrate if further drying was required or not 
before processing the materials. 
TGA analysis was performed on a Simultaneous DSC-TGA (SDT) Q-series 
model 600 from TA Instruments. The instrument has two platforms, one for the reference 
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pan and the other for the sample pan, although for TGA analysis only the sample pan was 
used. The following basic procedure was employed for each test: 
1. Sample pan was taken out and cleaned. The cleaning was performed by burning 
the ceramic pan using a propane torch. 
2. The instrument was set to read a zero weight when no polymer/sample was 
loaded.  
3. The polymer sample was introduced into the pan, and its weight was 
determined using the balance inside the equipment. 
4. Verification of a sample weight within the range of 5 to 10 mg was confirmed, 
using the balance inside the equipment as well.  
5. A heating procedure, starting from ambient temperature to a final temperature 
of 600ºC was employed, using a heating rate of 5ºC/min.  
6. The weight percentage, a ratio of the sample weight at the temperature of study 
to the initial weight at ambient temperature, vs. temperature was obtained. 
7. Thermal decomposition is measured, identifying the temperature at which the 
weight percentage decreases from a hundred percent.  
Figure 3.3 shows a representative thermogram, and illustrates the typical behavior 
of a PFCB blend.   
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Figure 3.3: TGA Thermogram for a PFCB blend. 
 
 Differential scanning calorimetry (DSC) measurements were also performed.  
Again, an inert atmosphere was employed. DSC provides information that is useful in 
determining the processing window for the PFCB polymers, including the glass transition 
temperature (Tg) and the melting temperature (Tm) (Skoog et al., 2007).  A Perkin Elmer 
Pyris 1 instrument was used for the DSC experiments. The instrument utilized is a power-
compensating differential scanning calorimeter. Figure 3.4 gives a schematic of the 
instrument. 
 Sample preparation involved several steps and are listed in the following basic 
procedure: 
1. An empty pan and a lid were weighed, and then the balance used was set to 
read zero weight with the empty pan and lid. 
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2. The polymer sample was introduced into the pan, after the pan is sealed with 
the lid using an external fixture. The sample weight was verified to be between 3 
and 8 grams.  
3. The sealed pan with the lid was put into the instrument furnace, and the 
prescribed heating/cooling process was initiated. 
 
 
Figure 3.4: DSC instrumentation scheme 
 
Before testing a sample, a baseline test was performed. Then, the sealed pan, with 
the sample that was previously weighed, was placed into the cell. The instrument was 
typically programmed to run from 30ºC to 300ºC at a heating rate of 5ºC/min, followed 
by a rapid cooling step from 300ºC to 30ºC at 50 ºC/min, and a reheating step from 30ºC 
to 300ºC at 20 ºC/min. This last step was utilized to analyze the thermal characteristics of 
the samples. Also, this procedure was performed to minimize any thermal history within 
the sample.  
Resistance 
Heaters  
Sample  Reference 
Heat sink 
PRT  
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Figure 3.5 shows an illustration of the result obtained for a DSC experiment, 
showing the typical behavior of BPVE under a second heat cycle. A glass transition 
temperature is observed at 143ºC.  More details about the results are discussed in Chapter 
4.  
 
Figure 3.5: DSC scan for BPVE 30K 
 
3.3.2. Rheological Experiments: Shear Rheology 
Shear rheology studies were performed using a TA Instruments ARES (Advanced 
Rheometric Expansion System) model rheometer and cone-and-plate geometry. Dynamic 
oscillatory testing was utilized for all the samples. A 25 mm cone with an angle of 0.1 
radians was used. The gap between the lower plate and cone for this fixture is specified to 
be 56 microns, as illustrated in Figure 3.6.  
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Figure 3.6: Cone and plate fixture for rheological studies 
 
 
Three types of shear rheology experiments were performed: (1) Dynamic strain 
sweep tests at a specified frequency and temperature were used to investigate the linear 
viscoelastic region of the materials, (2) Dynamic frequency sweep tests (0.01 – 500 rad/s) 
were performed at different temperatures, and (3) Dynamic time sweep tests at a 
specified frequency and temperature were used to investigate any degradation/reaction 
that could occur over time. An inert nitrogen atmosphere was employed during all 
studies. For each experiment a new sample was put into the rheometer (Mezger, 2006).   
 The following procedure was employed for all shear rheology experiments: 
1. The rheometer oven was closed and brought up to the desired test temperature. 
2. After equilibration, the force and torque were zeroed, and the distance between 
the cone and the plate (gap) was zeroed prior to loading the sample.  
3. The sample was loaded between the cone and plate fixture; the rheometer oven 
was closed again, and the temperature was allowed to equilibrate again.  
4. The gap was set to a distance of 0.1 mm.  
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5. The rheometer oven was opened, and any excess material is wiped from the 
geometry 
6. The oven was closed and the gap was set to 0.056 mm, and the test started once 
the temperature reached equilibrium.  
7. Again, the rheometer oven was opened, and any excess material is wiped from 
the geometry 
8. Finally, the oven was closed, and the test started once the temperature reached 
equilibrium 
At least three runs, each with a new sample, were done at each condition, and then 
the average results were reported. The standard deviation was calculated for each point, 
to present an average value with error bars for a 95% confidence interval.  
3.3.3. Film Casting Process: Extrusion  
 One of the goals of this thesis is to obtain the experimental parameters to extrude 
PFCB polymers. A twin-screw DSM Xplore microcompounder was utilized to process 
PFCB (pure and blends) polymers, and a cast film attachment was used to generate films. 
For all the conditions tested, the resultant film dimensions were approximately 30 mm 
width by 0.01 mm thick. Figure 3.7 shows a schematic of the extruder.   
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Figure 3.7: Scheme of twin-screw DSM Xplore Microcompounder extruder 
 
 The volume of the extruder barrel can vary by changing the position of the 
recirculation channel inside the barrel. In this study, the extruder barrel was fixed for a 
PFCB polymer volume of 7.5 cc as illustrated with a gray color on the left hand side of 
Figure 3.7. An inert nitrogen atmosphere was running for at least 15 minutes before any 
polymer was inserted into the extruder barrel. The extruder barrel has three temperature 
controls.  All the experiments were performed at a uniform temperature along the entire 
extruder barrel.  
 To help in the formation of films, a film casting attachment was connected to the 
microcompounder. A heating tape was wrapped around the film die.  This was done 
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because PFCB polymers become stiff when they cool down abruptly, so a local 
temperature above ambient is required for the polymer to be extruded from the die. A 
take-up roll was attached and the speed was varied using a control device. 
 A variety of different processing parameters were investigated for all of the 
polymer systems studied.  An image of a typical PFCB film obtained is shown in Figure 
3.8. 
 
 
Figure 3.8: BPVE (9K) film obtained in the DSM Xplore extruder with a nitrogen purge 
gas  
 
 
3.3.4. Fourier Transform Infrared Radiation: Attenuated Total Reflectance 
(FTIR:ATR) 
 Infrared radiation (IR) spectroscopy is a technique that provides detailed 
information about the different types of bonds in a molecule. IR is based on the molecular 
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vibrations that arise when a molecule absorbs radiation from a beam (Skoog et al, 2007).  
Mid-IR is of particular interest in the analysis of molecular structure.  Wavenumbers of 
400 cm-1 to 4000 cm-1 are typically measured in the mid-IR region. Each chemical 
structure has a specific wavelength of vibration that can be identified, i.e. a –C–H2– 
asymmetric stretch bond is located at a 2920 cm-1 wavenumber. Therefore, this technique 
is very useful to characterize fibers and films to identify the structure of the polymer 
components. 
 When an IR beam goes through a sample, some of the energy is absorbed through 
the sample. Typically, IR provides an infrared spectrum showing the absorbance or 
transmittance of the sample vs. the wavelength at which the energy was absorbed. FTIR 
measures all of the resolution elements for a spectrum simultaneously, and converts first 
a frequency domain to a time dependent spectrum (Skoog et al., 2007). After all scans 
have been collected, the Fourier transform is applied converting a time dependent 
spectrum to the absorbance IR spectrum. 
 Attenuated total reflectance (ATR) utilizes the FTIR method for the measurement 
of IR spectrums. ATR occurs when a beam passes from a dense to a less dense medium, 
and then reflection occurs. The IR beam undergoes multiple internal reflections before 
passing from the crystal to the detector leading to the final measurement of the sample 
spectrum (Skoog et al., 2007).  
 In this work, a Thermo Magna 550 FTIR spectrometer equipped with a Thermo 
Foundation Series Endurance Diamond ATR accessory was utilized to analyze the 
samples. The software employed was Thermo OMNIC ESP version 6.1A.  
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 The procedure used for the collection of the Infrared radiation (IR) spectrum 
consisted of the following basic steps:  
1. The diamond crystal was cleaned and a background spectrum was collected.  
2. The sample was placed in position where the beam can pass through the 
polymer.  
3. The ATR diamond accessory is placed in contact with the sample, by applying 
pressure on the sample.  
4. Sample spectrum is collected over the range of 4000 cm-1 – 525 cm-1 
wavenumber, with a total of 16 scans at a resolution of 4 cm-1. 
5. Baseline subtraction is performed on the sample spectrum, and ATR 
corrections within the software are performed for each sample leading to the final 
IR spectrum. 
Figure 3.9 presents a representative IR spectrum obtained for the BPVE film 
shown in Figure 3.8.   
  37  
 
Figure 3.9: BPVE (9K) film spectrum 
  
 Previous studies of infrared radiation (IR) have been performed on PFCB 
polymers. Some of the assigned peaks reported (Liou et al., 1997) are shown in Table 3.3. 
In this thesis, IR analysis is used to characterize and compare PFCB polymers before and 
after melt processing. 
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Table 3.3: Infrared Assignment to PFCB polymers 
Wavenumber (cm-1) Structure 
1832 –CF=CF2 
1605 Aromatic ring 
1503 Aromatic ring 
1305-1315 Ar–C–F , C-F stretching
1263-1273 Ar–C–F , C-F stretching
1202 Ar–C–F , C-F stretching
1171 Ar–C–F , C-F stretching
1139 O–C–F stretching 
1118 O–C–F stretching 
1014 Aromatic ring 
957 Hexafluorocyclobutane 
833 Aromatic ring 
  
3.3.5. Gel Permeation Chromatography (GPC) 
 Gel Permeation Chromatography (GPC) is a separation technique used to 
determine the molecular weight distribution of a material. The separation is based on 
differences in molecular size in solution. This technique can be employed to investigate 
the polydispersity index (PDI) – a ratio of Mw (the weight-average molecular weight) to 
Mn (the number-average molecular weight) (Skoog et al., 2007). Both Mw and Mn are 
obtained from the GPC experiment as well.  
 In this study, GPC was employed to provide information about how the molecular 
weight is affected by the processing of PFCB polymers. GPC experiments were 
performed on PFCB samples before and after either melt processing or rheology testing. 
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This technique helped to determine if the typical thermocyclodimerization reaction 
discussed in Section 3.1 occurs in PFCB polymers when sample heating is undertaken.   
 GPC data were collected using a Waters GPC system located at Tetramer 
Technologies. The injection volume was 100 μL, the solvent used was chloroform and 
the run time was 30 minutes.  A polystyrene standard was used as a reference. Previous 
work (Neilson et al., 2008; Smith, et al., 2000) also compares PFCB polymers with 
Polystyrene standards.  
3.3.6. Polarized light microscopy 
 Polarized light microscopy (PLM) has been widely used to study the morphology 
of polymers materials. Typically, PLM is used to study crystalline materials due to the 
apparition of spherulites for semi-crystalline polymers by usage of a polarized 
microscope (Hemsley, 1989; Ma et al., 2001; Mareau and Prud’homme, 2002).  
 In this work, PLM was employed to study the morphology of BPVE/6F blends 
after extrusion. As discussed in Chapter 2, 6F is a semi–crystalline polymer.  Polarized 
light images were obtained using an Olympus B60 microscope with a camera attachment 
manufactured by Sony. Different zooms were employed; however the relative scale is 
presented on each picture. 
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CHAPTER 4 
RESULTS AND DISCUSSION 
 The experimental results obtained in this work for PFCB polymers (pure and 
blends) are reported and discussed in this Chapter. Section 4.1 describes the thermal 
characteristics of the pure PFCB polymers – thermal stability, glass transition 
temperature and melting temperature. Dynamic shear rheological properties of the pure 
PFCB polymers are discussed in Section 4.2. Section 4.3 reports on the melt processing 
of the PFCB polymers and the parameters required for successful extrusion. Section 4.4 
focuses on film characterization by identification of the film structure and molecular 
weight. Finally, Section 4.5 shows results for the PFCB blends. As for the pure materials, 
(1) thermal properties, (2) dynamic rheological properties, (3) extrusion of PFCB blends, 
and (4) characterization of films are reported and discussed.   
4.1. Thermal characterization of pure PFCB polymers 
BPVE and 6F polymers, at different molecular weights, were studied in order to 
identify their thermal characteristics. In this section, the effects of varying the molecular 
weight of the PFCB polymers on the thermal properties are discussed.  First, Thermal 
Gravimetric Analysis (TGA) was performed on BPVE and 6F with the purpose of 
identifying the thermal stability for the melt processability of these materials. Figure 4.1 
shows the results for BPVE polymers at five different molecular weights. It is observed 
that an increase in molecular weight of BPVE polymer will result in a higher thermal 
stability. For example, BPVE 2K loses 5% of its initial weight, whereas BPVE 13K or 
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higher molecular weight will remains stable (100%), at an experimental temperature of 
150ºC.  
 Figure 4.1 also shows that a minimum molecular weight of 9K for BPVE is 
required to have a polymer with no weight decrease up to temperatures of 300ºC. Beyond 
this temperature, the weight percentage starts to decrease as the temperature is increased. 
The early drop in weight may be due to the solvent utilized for the polymerization, which 
may remain in small amounts in the polymers. The greatest change in weight – more than 
5% of the initial weight is lost – is observed at a temperature of approximately 425ºC 
regardless of the molecular weight of the BPVE.  
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Figure 4.1: TGA analysis on BPVE at Different Molecular Weight 
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Thermal stability analyses performed on 6F polymers – with molecular weights of 
5K and 15K – are presented in Figure 4.2. 6F 15K polymers provide a higher thermal 
stability. At about 400ºC, the 6F 5K sample starts to decrease in weight significantly, 
whereas the 6F 15K sample does not display a considerable drop in weight until a 
temperature of about 430ºC is reached. These results for the effect of molecular weight 
on thermal stability of PFCB polymers can be compared to those obtained by Pummer 
(1972). Pummer previously studied the effects of molecular weight in other aromatic 
fluorocarbon polymers and demonstrated that an increase in thermal stability is observed 
as the molecular weight is increased. 
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Figure 4.2: TGA analysis on 6F at Different Molecular Weight 
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The effect of molecular weight on the glass transition temperature (Tg) and the 
melting point(Tm) are also studied for PFCB polymers. BPVE has previously been 
characterized as an amorphous polymer (Babb et al., 1996). Smith and coworkers (2005) 
presented a Tg value of 165ºC for BPVE using DSC techniques at a scan rate of 
10ºC/min, but the molecular weight of BPVE employed in this study was not specified.  
In this work, a lower glass transition temperature for BPVE is observed than 
reported previously. The glass transition temperatures for BPVE at different molecular 
weights are shown in Table 4.1. Because the heating rates employed in the current DSC 
experiments were higher than those used in the previous study (Babb et al., 1996). – 
20ºC/min compared to 10ºC/min – an increase in the glass transition temperature may be 
expected (Gabott, 2007). This was not observed.  We did observe that the BPVE glass 
transition temperature depends on the molecular weight of the sample.  
 
Table 4.1: Glass transition temperature of BPVE at different molecular weight. 
Material  Tg(ºC) 
BPVE 5K  138.8 
BPVE 9K 138.1 
BPVE 12K  145.0 
BPVE 13K 145.6 
BPVE 30 K 148.8 
  
6F, as described in Chapter 2, is a semi-crystalline polymer. Previous studies 
(Smith et al., 2005) showed a Tg of 120ºC and a melting temperature of 190ºC (1st 
heating cycle) at a ramp rate of 10ºC/min using a molecular weight of 66.7K. In this 
work, 6F thermal properties are tabulated in Table 4.2. As for the BPVE, a heating rate of 
20ºC/min was employed for the 6F. The results obtained are slightly lower than those 
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previously reported. All the DSC thermograms for each experiment are presented in 
Appendix A.  
 
Table 4.2: Glass transition and melting temperatures of 6F at different molecular weight 
Material Tg (ºC) Tm (ºC) 
6F 5K 101.9 175.3 
6f 15K 106.4 181.6 
 
4.2. Dynamic shear rheology characterization of pure PFCB polymers 
The rheological properties of the BPVE and 6F polymers were obtained through 
dynamic oscillatory shear tests. Dynamic frequency sweeps tests were performed. Four 
BPVE polymers of varying molecular weight (5K, 9K, 13K and 30K) were tested at 
different temperatures and under the conditions presented in Chapter 3. For all 
experiments, the strain utilized is in the linear viscoelastic (LVE) region. Figure 4.3 
shows a representative strain sweep for BPVE at 30K molecular weight indicating the 
LVE region. 
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Figure 4.3: Dynamic strain sweep test for BPVE 30 K at T=170ºC and 1 rad/s 
 
For polymers tested in the linear viscoelastic regime, the empirical Cox-Merz rule 
can be applied (Vinogradov and Malkin, 1980). It has also been demonstrated, that the 
Cox-Merz rule applies for materials in which G’’>G’ at low frequencies (Mezger, 2006).  
The Cox-Merz rule was introduced in 1958 (Cox and Merz) and is represented by 
Equation 4.1: 
ωγωηγη == .)(*)(
.
 ,     [4.1] 
where η is the steady shear viscosity, .γ  is the shear rate, η* is the complex viscosity and 
ω is the frequency.  In Figure 4.4, the viscoelastic properties – G’,G’’ and η* – of BPVE 
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13K obtained from a dynamic frequency sweep test at a temperature of study of 210ºC 
are presented. 
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Figure 4.4: Dynamic Rheological parameters for BPVE 13K at 210ºC 
 
 
A zero-shear viscosity of approximately 2600 Pa-s was reached for BPVE 13K at 
210ºC. Subsequently, three different molecular weights were tested to study the effects of 
molecular weight on the rheological properties of BPVE polymers. BPVE 30K, 9K and 
5K were analyzed at the same temperature as BPVE 13K (210ºC). Figure 4.5 shows the 
shear dynamic data for BPVE 30K. A zero-shear viscosity of 210,000 Pa-s was obtained 
for BPVE 30K at 210ºC. 
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Figure 4.5: Dynamic Rheological parameters for BPVE 30K at 210ºC 
 
 
 
 The dynamic shear properties obtained for BPVE 5K and 9K are particularly 
different from the results obtained with BPVE 13K and 30K at 210ºC. Figure 4.6 
illustrates the results for complex viscosity of the different BPVE polymers studied at the 
mentioned temperature. It is observed that BPVE 5K and 9K present a Newtonian 
behavior even at high frequencies. Also, the onset of shear thinning behavior is strongly 
dependent on molecular weight. As expected, the increase in molecular weight leads to a 
lower onset frequency (and hence, a longer relaxation time) for shear thinning. 
  48  
1
10
100
1000
10000
100000
1000000
0.01 0.1 1 10 100 1000
ω rad/s
η*
 (P
a-
s)
BPVE 5K
BPVE 9K
BPVE 13K
BPVE 30K
 
Figure 4.6: Complex viscosity for BPVE 5K, 9K, 13K and 30K at 210ºC 
 
 
 The zero-shear viscosity was obtained for each BPVE analyzed under the 
specified conditions. Results are summarized in Table 4.3. A wide range of polymers 
follow a typical relationship between molecular weight and zero-shear viscosity 
(Morrison, 2001). For polymers above their critical molecular weight this relationship is 
represented in equation 4.2 as follows: 
 ∝ 3.4M  oη ,     [4.2] 
Where η0 is the zero-shear viscosity and M is the molecular weight of the polymer 
sample. Also, the existence of entanglements in a polymer can be characterized by 
analysis of the zero-shear viscosity and the molecular weight (Morrison, 2001). The 
existence of two viscosity dependent regimes on molecular weight suggests the formation 
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of entanglements in polymers. Below the critical molecular weight, zero-shear viscosity 
is related to molecular weight as shown in equation 4.3:  
M ∝oη .     [4.3] 
The data analyzed in this work shows that at low BPVE molecular weights (5K 
and 9K), Newtonian behavior and low viscosity values are observed in contrast with 
BPVE polymers with a higher molecular weight (13K and 30K), where a shear thinning 
behavior is observed at low frequencies. This study suggests the existence of two regimes 
for the molecular weight dependence of viscosity for BPVE polymers. This regime will 
lead to the formation of entanglements in BPVE polymer chains as a consequence of the 
increase in molecular weight.  
 
Table 4.3: Zero-shear viscosity for BPVE at different molecular weights at 210ºC 
BPVE: Molecular weight ηο (Pa-s) 
5000 6 
9000 27 
13000 2200 
30000 210000 
 
Despite measuring the dynamic shear properties at different conditions, some of 
the results do not reach a plateau (zero-shear viscosity value) due to the restricted 
frequency values that could be measured experimentally. Thus, the time-temperature 
superposition (TTS) method was utilized in order to provide rheological supplementary 
information at lower or higher frequencies that were not able to be tested (Dealy and 
Larson, 2007).  
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 TTS was employed to analyze BPVE at two different molecular weights (13 K 
and 30K) for temperatures ranging between 170ºC and 210 ºC. Results for the complex 
viscosity of BPVE 30K are presented in Figure 4.7.  
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Figure 4.7: Complex viscosity for BPVE 30K at different temperatures 
 
As observed in Figure 4.7, the complex viscosity is a function of temperature at 
low frequencies. Also, from Figure 4.7, a value of zero-shear viscosity cannot be 
determined as the complex viscosity has not yet reached a plateau value at the 
temperatures that could be probed. Therefore, TTS methods are helpful to determine 
complex viscosity data at low frequency values.  
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 After obtaining data at different temperatures for the BPVE polymers studied, 
master curves were obtained for the BPVE 13K and 30K at a temperature of 200ºC. To 
generate a master curve, a horizontal shift factor needs to be determined. This function, 
known as aT(T), represents the effect on relaxation times as a function of temperature 
(Dealy and Larson, 2007; Larson, 1999). In this work, aT(T)was calculated using the 
WLF (Williams, Landel and Ferry) equation, which is represented in equation 4.4 
(Williams et al., 1955). 01C  and 
0
2C  represents empirical constants, which are specific for 
each polymer (Aklonis et al., 1972). 
)]TT(C[
)TT(
0
0
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0
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1
T
C-
(T)a     [4.4] 
Figure 4.8 shows the complex viscosity data obtained from a master curve for 
BPVE 30K and 13K at a reference temperature of 200ºC. The viscoelastic properties (G, 
G’’ and η*) obtained from master curves are tabulated and presented in Appendix B.  
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Figure 4.8: Master curve of BPVE 30K and 13K, complex viscosity data at Tref=200ºC 
 
 
 
  Master curves analyzed at different reference temperature may be used to 
determine the zero-shear viscosity since the complex viscosity can be expanded to lower 
frequencies. In this work, the zero shear viscosity is presented as a function of 
temperature and molecular weight. As expected, an increase in temperature will lead to a 
decrease in the zero-shear viscosity, whereas an increase in molecular weight will 
increase the zero-shear viscosity of the BPVE polymer. Table 4.4 shows the different 
zero-shear viscosities obtained for BPVE polymers at different molecular weights and 
different temperatures. BPVE 13K and 30K data were determined using master curves 
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with reference at the shown temperature, leading to a small change with respect to the 
initial values.  
 
Table 4.4: Zero-shear viscosities for BPVE at different molecular weights obtained from 
master curves data. 
  BPVE 5K  BPVE 9K BPVE 13K BPVE 30K 
Temperature(ºC)  η0 (Pa-s)  η0 (Pa-s)  η0 (Pa-s)  η0 (Pa-s) 
180 17 ----- ----- ----- 
190 10 ----- 14,260 ----- 
200 7 ----- 5,025 326,000 
210 6 27 2,640 210,000 
220 ----- ----- 1,260 ----- 
 
 Zero-shear viscosity can be related to temperature by using an Arrhenius 
relationship (Han, 2007). This relationship is represented in the following equation: 
)RT/Eexp(k)T( oo =η ,    [4.5] 
where ko is the preexponential factor, E is the activation energy and T is the absolute 
temperature (K) (Han, 2007). In order to obtain the activation energy for BPVE at two 
different molecular weights (5K and 13K) a plot of ln( oη ) vs. 1/T was calculated using 
equation 4.6:  
 oo klnRT
E)ln( +=η  .    [4.6] 
Therefore, the activation energy can be calculated by knowing the slope of 
equation 4.6 as presented in Figure 4.9. Table 4.5 lists the activation energy for BPVE at 
the two different molecular weights for which temperature dependence was analyzed. 
The results obtained in this work show the same trend as perfluoropolyether (Karis and 
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Jhon, 1998; Kono et al., 2001; Choi et al., 2005), where an increase in activation energy 
was observed as the molecular weight of the fluoropolymer was increased.  
 
Table 4.5: Activation energies for BPVE at different molecular weight 
BPVE Activation energy 
(molecular weight) KJ*(mol*K)-1 
5K 63.5976105
13K 150.409305
  
ln(η0) = 7,649.6*(1/T) - 14.136
R2 = 0.9531
y = 18,090*(1/T) - 29.588
R2 = 0.9917
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Figure 4.9: ln (η0) vs 1/T for BPVE at different molecular weights 
 
 Master curves are also useful to obtain the typical relaxation times for a polymer 
(Han, 2007). BPVE 30K shows a crossover frequency between the storage modulus G’ 
and the loss modulus G” when the TTS principle was applied. Therefore, a comparison 
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between the relaxation times can be performed at a temperature of study of 200ºC. The 
relaxation time is defined as the necessary time for a material to relax after a stress has 
been imposed (Dealy and Larson, 2007). The relaxation time is calculated by determining 
the crossover frequency (G’’=G’) and then taking the inverse of this value to obtain a 
characteristic relaxation time. Table 4.6 presents the relaxation times for BPVE at 
different molecular weights.  
 
Table 4.6: Relaxation times for BPVE at different molecular weights at 200ºC 
BPVE molecular weights relaxation time(s) 
13K  0.17
30K  40.10
 
As observed in Table 4.6, the relaxation times for BPVE increase as molecular 
weight increases. Mezger (2006) discusses the dependence of molecular weight on 
relaxation time. At higher molecular weight the crossover frequency will occur at lower 
frequencies. Therefore, an increase in relaxation time is expected as the molecular weight 
of a polymer is increased (Jackson et al., 1993).  This behavior can also be explained as a 
function of the onset frequency of shear thinning behavior (Middleman, 1967). The 
BPVE 13K shear thinning frequency onset is higher than BPVE 30K. Thus, molecules 
are more flexible and mobile at low molecular weights leading to a lower relaxation time 
(Morrison, 2001).  
The rheology of 6F was studied at 200ºC and 210ºC and with 5K and 15K 
molecular weight samples. A constant complex viscosity obtained over a large range of 
frequencies was obtained. These results reveal a similar trend for complex viscosity as 
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compared to those values obtained with BPVE 5K and 9K at 210ºC. Figure 4.10 presents 
the data obtained for zero-shear viscosity of 6F at different temperatures and molecular 
weights. As expected, an increase in temperature will lead to a decrease in zero-shear 
viscosity, whereas an increase in molecular weight leads to an increase in the zero-shear 
viscosity.  
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Figure 4.10: Complex viscosity for 6F at different temperatures and molecular weights 
 
A comparison between zero shear viscosity for 6F and BPVE at different 
molecular weights can be observed in Table 4.7. From the behavior observed for BPVEs 
molecular weight on zero-shear viscosity, it is suggested that 6F may be below its critical 
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molecular weight. Therefore, no significant entanglements are present up to a molecular 
weight of 15K for 6F.  
Table 4.7: Comparison of zero-shear viscosity for 6F and BPVE at different 
molecular weights at 210ºC 
Material Molecular weight η0 (Pa-s) 
5K 1.3 6F 15K 7.3 
5K 6 BPVE 9K 27 
  
 In addition to dynamic frequency sweep tests, dynamic time sweep tests were 
performed on BPVE. As discussed in Chapter 2, an increase in viscosity of PFCB 
polymers confirmed the thermal cyclodimerization reaction. In order to probe this theory, 
BPVE 5K was studied at a constant frequency of 10 rad/s and a temperature of 220ºC for 
five minutes. Results are plotted in Figure 4.11.  
As expected, an increase of BPVE viscosity with respect to time is observed. 
Thus, the thermal cyclodimerization reaction for BPVE polymers is confirmed. In order 
to confirm this suggestion, molecular weight and structure of BPVE and/or 6F films are 
examined in further sections.  
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Figure 4.11: Complex viscosity vs. time for BPVE 5 K at ω=10 rad/s and T=220 ºC 
 
 
4.3. Film casting of PFCB polymers 
 
A series of experiments was performed to investigate the feasibility of film 
casting the PFCB polymers.  For the BPVE materials, the 5K, 9K, 13K and 30K were all 
studied using the DSM Xplore microcompounder (discussed in Chapter 3).  A range of 
different conditions for extrusion – in which the temperature, purging gas, and maximum 
force allowed by the die – were investigated and tested for each molecular weight. 
Ultimately, the BPVE 5K and 9K were successfully extruded under the conditions 
specified in Table 4.8.  BPVE samples with molecular weights of 13K and 30K could not 
be properly extruded because of the thermal cyclodimerization that takes place for BPVE 
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polymers. It has been shown that in reactive extrusion (Finkenstadt and Willet, 2005) the 
molecular weight and viscosity increases with respect to time. Thus, a higher energy and 
die pressure are required to pump out a polymer. In this instrument, the maximum die 
force allowed was of 10,000 N. Neither, BPVE 13K or 30K was able to be extruded 
under the maximum allowed operating condition of the utilized extruder.  
 
Table 4.8: Conditions for extrusion of BPVE at different molecular weights 
Material BPVE 9K BPVE 5K 
Polymer volume 7.5 cc 7.5 cc 
Temperature of the barrel 210 ºC 220 ºC 
Temperature at the die 190ºC 195 ºC 
Residence time 5 minutes 5 minutes 
Maximum force allowed in the die 5000 N 5000 N 
Twin-screws rotation mode co-rotating co-rotating 
Speed of twin-screws (extruder screws) 20 rpm 15 rpm 
Recirculation Gas Nitrogen Nitrogen 
Take-up roll speed 300 mm/s 145 mm/s 
Heating tape attached to die No Yes 
 
One important parameter that needs to be controlled in the extrusion process is the 
take-up roll speed because it affects the thickness of the film. BPVE 9K was collected at 
a speed rate of 300mm/s while BPVE 5K was collected at approximately half of this 
speed. This noticeable change was undertaken due to the usage of a heating tape on the 
die for BPVE 5K in comparison with BPVE 9K where no heating tape was attached. By 
usage of the heating tape, the exit temperature was increased to 68ºC as shown in Figure 
4.12. Thus, by adjusting the take-up roll speed and the temperature at the exit a film with 
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the same thickness can be extruded. The thickness of the films was approximately the 
same at 0.08 mm for both BPVE polymers successfully extruded.  
 
Figure 4.12: DSM microcompounder temperatures controls  
 
From the results obtained for the shear properties, it is seen that BPVE polymers 
with low viscosity are able to be extruded under an inert atmosphere and a relatively low 
maximum force at the die (5000 N). However, the high molecular weight BPVEs have 
much higher viscosities and are not able to be melt processed even with a maximum force 
of 10,000 N in the die. This may be a consequence of the entanglements that could be 
formed with BPVE at high molecular weights in the extruder as discussed in Section 4.2. 
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4.4. Analyses on the structure of the BPVE films 
BPVE polymer films must be as pure as possible in order to be used for optical 
applications because contaminants affect the optical properties of the materials (Kuzyk, 
2007). In order to obtain the structure of BPVE films that were successfully extruded 
FTIR – ATR (Chapter 3) was employed, and the analysis of the resulting peaks is 
presented in this Section.  The IR spectrum for this film is presented in Figure 4.13. Table 
4.9 shows the assigned peaks from the spectrum and their corresponding structural 
information for the analysis of the BPVE 9K film successfully extruded under the 
conditions mentioned in Section 4.3.  
 
Figure 4.13: BPVE (9K) film spectrum 
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Table 4.9: IR assignment peaks for BPVE (9K) film. 
Wavenumber (cm-1) Chemical structure 
3044 Aromatic, C-H stretching 
2920 C-H stretching 
2850 C-H stretching 
1606 Aromatic ring –C=C– 
1493 Aromatic ring –C=C– 
 1401  C-H vinyl group 
1298 C-F stretch  
1264 C-F stretch  
1191 C-F stretch  
1164 C-O stretching  
1108 C-O stretching  
1027 C-O stretching  
1006 C-O stretching  
952 Hexafluorocyclobutane 
851 Aromatic ring –C=C– 
820 Aromatic ring –C=C– 
721 Aromatic ring –C=C– 
 
Several important characteristics of the film can be inferred from the results 
shown in Table 4.9. Aromatic rings (–C=C–) are presented as a strong peak at a 
wavenumber of 1606 cm-1 and as a smaller peak at 1493 cm-1 wavenumber. –C–H– in a 
vinyl group is identified near a wavenumber of 1401 cm-1(McManis and Gast, 1971). 
Carbon-fluorine (–C–F–) stretching bonds are also presented in our results in the 
wavenumber range of 1190 to 1300 cm-1. Carbon-oxygen and carbon-fluorine stretching 
bonds are also observed in wavenumbers of 1164 and 1108 cm-1, respectively. One of the 
important peaks characterized in these results is the sharp peak at 952 cm-1, which 
Kennedy and coworkers (1995) assigned as the hexafluorocyclobutane ring characteristic 
of the BPVE molecular structure. Finally, smaller peaks were obtained at lower 
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wavenumbers (as compared to the hexafluorocyclobutane ring) that represent additional 
aromatic rings (Randal et al., 1949).  
There are some differences in the results obtained in this work as compared to 
previous work (Liou et al, 1997; Kennedy et al. 1995) for PFCB polymers. In this work, a 
peak at a wavenumber of 3044 cm-1 was obtained in the IR spectra. This peak is related to 
the C–H bonds that appear in the aromatic structure as it is broad and small (Alpert et al., 
1970). Another important difference is the peaks obtained at 2920 and 2850 cm-1 
wavenumbers, which are typically identified as –CH3 and –CH2– groups (Randal et al., 
1949). Although, the BPVE polymer structure does not present any –CH3 or –CH2– 
groups, we believe that traces from a polymer extruded before are present in the BPVE 
9K film (Eberle et al., 2000). In order to probe this idea, a comparison with polyethylene 
was performed and results are shown in Figure 4.14. From Figure 4.14 it is observed that 
the sharp peaks at 2920 and 2850 cm-1 wavenumbers indeed corresponds to polyethylene 
– a polymer used for cleaning the extruder.  
In order to avoid contamination of PFCB polymers from previous extruded 
polymers the BPVE 5K was subsequently used as a “cleaning compound” for the 
extrusion of other PFCB materials discussed in this work.   
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Figure 4.14: FTIR comparison between BPVE 9K and Polyethylene 
 
 
 The molecular weight of the extruded BPVE films was also measured using Gel 
Permeation Chromatography (GPC) as discussed in Chapter 3. Results are presented in 
Table 4.10. The BPVE polymers have a residence time inside the extruder of about 5 
minutes. During the extrusion process, the molecular weight of the polymer apparently 
doubles from the molecular weight of the polymer initially added to the extruder. We 
believe that this is an effect of the thermal cyclodimerization reaction discussed in 
Chapter 3. The thermal cyclodimerization reaction was also demonstrated by dynamic 
time sweep tests as explained in section 4.2. 
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Table 4.10: Molecular weight of BPVE films after extrusion 
Molecular weight Mw Molecular weight Mw Name of Material 
(before extrusion) (after extrusion) 
BPVE 9 K 18 K 
BPVE  5K 10K 
 
4.5. PFCB blends 
Now that the characteristics of the pure PFCB polymers have been discussed, we 
turn to a discussion of the blends of BPVE and 6F. This characterization is performed in 
order to see the impact of 6F – which generally has a lower viscosity and low thermal 
properties – in blends with BPVE.   Consequently, all the different experimental methods 
employed to study the pure PFCB polymers are now employed to investigate the PFCB 
blends.  
4.5.1. Thermal Stability of PFCB blends  
Studies of the effects on the glass transition temperature and melting point of 
PFCB blends are presented and discussed in this section. First a discussion of thermal 
stability for BPVE 13K blended with 6F at two different molecular weights (5K and 15K) 
is presented. Then, BPVE 30 K is analyzed as it was blended with the same 6F polymers. 
Samples discussed in this chapter are identified (again) in Table 4.11 for purposes of 
clarity.   
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Table 4.11: PFCB blends studied. 
PFCB   Sample ID 6F% BPVE% 
BPVE  13K 6F 5K A 20.4 79.6 
    B 39.7 60.3 
    C  64.0 36.0 
    D 84.3 15.7 
BPVE  13K 6F 15K E 20.0 80.0 
    F 39.6 60.4 
    G 60.4 39.6 
    H 80.3 19.7 
BPVE 30K 6F 5K I 20.9 79.1 
    J 40.6 59.4 
    K 60.7 39.3 
BPVE  30K 6F 15K L 19.6 80.4 
    M 40.6 59.4 
    N 59.8 40.2 
    O 78.8 21.2 
 
 
TGA thermograms for samples B, C and D are illustrated in Figure 4.15. The 
thermogravimetric analyses performed on these PFCB blends –both BPVE and 6F with 
the lowest molecular weight in the study – were carried out in an inert atmosphere. The 
first break on weight percentage is presented at about 300ºC, where 2% of the initial 
weight of the samples is lost. A second break in the curves is observed at about 450ºC, 
where a steep drop in the weight percentage occurs, leading to the thermal decomposition 
of the material. The results obtained for the PFCB blends are similar to those obtained for 
the pure BPVE even with a high concentration of 6F in the blends. Thus, BPVE provides 
more stability than 6F – low molecular weight (5K) – in the blend. 
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Figure 4.15: Thermal stability of PFCB blends with BPVE 13K and 6F 5K at different 
concentrations  
 
Blends of BPVE 13K with 6F 15 K show a slight improvement in thermal 
stability compared to BPVE 13K blended with 6F 5K. Figure 4.16 shows a TGA 
thermogram for these BPVE 13K and 6F 15K blends (Samples E, F and H). The initial 
break for these types of blends is at 400ºC, where approximately 2% of the weight was 
lost. A second break in the plot is also observed at 450ºC where the weight percentage 
started to drop at a very high rate, changing from 97% to 45% over a change in 
temperature of 100ºC.  
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Figure 4.16: Thermal stability of PFCB blends with BPVE 13K and 6F 15K at different 
concentrations 
 
 
 Studies of thermal stability were also performed on BPVE 30 K – again blended 
with 6F 5K and 6F 15K – The results are similar to those obtained with BPVE 13K. 
Figure 4.17 shows the TGA thermogram for BPVE 30K and 6F 5K (Samples I, J and K). 
All the samples are relatively stable up to 300ºC – only sample I (20% 6F 5K) shows a 
decay of 2% in weight percentage. In the range of 300 to 450 ºC, samples lost about 4% 
of their initial weight. A second, but the most important, decrease in weight percentage 
occurs at 450 ºC, where again a fast decrease in weight percentage was obtained.  
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Figure 4.17: Thermal stability of PFCB blends with BPVE 30K and 6F 5K at different 
concentrations 
 
 
 
 BPVE 30K and 6F 15K blends (Samples L, M and O), which are the blends with 
the highest molecular weights investigated, show good stability up to 400ºC. A first break 
at about 400ºC is noticeable in Figure 4.18. Samples lost approximately 2% of their 
weight in the range of 400º to 450ºC. A high decrease in weight percentage is again 
registered at 450ºC as occurred with the other blends.  
 Results obtained for the thermal stability of PFCB blends at varying molecular 
weights and concentration show a general trend. The concentration of 6F in a PFCB 
blend does not play a significant role in the thermal stability of the PFCB blends. 
However, the molecular weight of 6F does appear to affect the thermal stability of the 
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blends. In a BPVE/6F blend, 6F with a molecular weight of 15K will provide a blend that 
is more thermally stable than a blend made of 5K 6F for both BPVE 13K and BPVE 30K. 
The effect of 6F on thermal stability can be explained due to (a) the 
hexafluoroisopropylidene group (typical group in the 6F polymer), which is known to 
impart high thermal stability as its concentration increase in a copolymer (Li and Lee, 
2006; Yang et al., 2001; Nagata et al., 1988). And (2) the effect of 6F molecular weight 
on thermal stability, demonstrated in Section 4.1. Therefore, by increasing the molecular 
weight and concentration of 6F polymer in a BPVE/6F blend, the thermal stability is 
increased.  
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Figure 4.18: Thermal stability of PFCB blends with BPVE 30K and 6F 15K at different 
concentrations 
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4.5.2. Thermal properties of PFCB blends 
Thermal properties, such as the glass transition temperature and for some cases 
the melting point, can also be affected by the blend properties. Such studies are presented 
in this section. The glass transition temperature (Tg) has been utilized as a criteria to 
determine whether or not polymer blends are miscible (Robesson, 2007). If two Tgs are 
presented in a DSC scan for a polymer blend, then it is believed that the polymers are not 
miscible. Nonetheless, partial miscibillity may exist if the thermal properties – such as Tg 
of one of the polymers – are shifted (Robesson, 2007). In this work, the DSC scans for 
each PFCB blend, at the different molecular weights and concentrations, is reported.  
The studies performed on the miscibility of the blends are important, since the 
effects on Tg will determine how well the 6F can be blended with BPVE for the melt 
processing of these PFCB materials.  
Table 4.12 presents the different glass transition and melting temperatures that 
were obtained for each BPVE/6F blend composition at the different molecular weights of 
study. In order to help the discussion, the 6F weight percentage and the molecular 
weights for each polymer are also shown.  
The results obtained in this work for BPVE/6F blends demonstrate two Tgs.  In 
order to analyze the data, the Tg of 6F is referred as Tg1, while the Tg of BPVE is referred 
as Tg2. For some of the sample a Tm is also observed, although this thermal property is 
known to correspond to 6F as discussed in Section 4.1. All the DSC thermograms are 
presented in Appendix C. 
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Table 4.12: Effect on thermal properties in BPVE/6F blends 
MATERIALS Sample ID %6F Tg1(ºC) Tg2(ºC) Tm(ºC) 
A 20.40 102 147 *** 
B 39.70 104 146 *** 
C 64.00 106 147 *** 
6F 5K 
  
  
  D 84.00 105 *** *** 
E 20.00 *** 146 *** 
F 39.60 110 147 182 
G 60.40 109 145 183 
BPVE  13K 
  
  
  
  
  
  
  
6F 15K 
  
  
  H 80.30 111 *** 183 
I 20.90 107 156 *** 
J 40.60 108 155 *** 
6F 5K 
  
  K 60.70 109 154 *** 
L 19.60 113 157 187 
M 40.60 109 154 *** 
BPVE 30K 
  
  
  
  
  
6F 15K 
 
 O 78.80 110 152 184 
 
The data tabulated in Table 4.12 reveals the effect of molecular weight on thermal 
properties of BPVE and 6F when blended. By increasing the molecular weight of any of 
the polymers (BPVE or 6F), an increase in their thermal properties is observed. For 
example, BPVE 30K when blended with 6F 5K reveals lower Tg1 than blends with 15K 
6F. Also, a melting temperature is observed as the molecular weight of 6F was increased. 
A similar behavior was observed when 6F – 5K and 15K – was blended with BPVE 13K.   
 Despite the effect of molecular weight of BPVE or 6F in the blend, there is a 
slight variance in the thermal properties of the blends as the concentration of one of the 
polymers is varied. Therefore, a partial miscibility can not be inferred from the thermal 
analysis data. The suggested range to consider partial miscible blend by usage of DSC 
data has been discussed by MacKnight et al. (1978). In order to probe the non miscibility 
of the samples, dynamic shear rheology and optical microscopy studies were also 
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performed on BPVE/6F blends. The rheology studies were undertaken using the same 
ratios presented in Table 4.12. In addition, optical microscopy was also utilized to 
investigate the morphology of BPVE/6F films obtained in this work. A discussion of 
these results is presented in further Sections.   
4.5.3. Dynamic Rheology of PFCB blends.  
PFCB blends were studied using dynamic shear rheology in order to obtain their 
fundamental flow properties. All of the samples were tested using dynamic frequency 
sweep tests at two different temperatures (200ºC and 210ºC). In this section, studies of 
BPVE 13K blends are presented first and then the discussion focuses on BPVE 30K 
based blends.  Both are analyzed with 6F 5K and 6F 15K.  
Complex viscosity of samples A to H is presented in Figure 4.19 at a temperature 
of 200ºC. The effect of increasing 6F concentration and molecular weight in the 
BPVE/6F blend is observed and discussed. The complex viscosity reduces as the 
molecular weight of 6F is increased – from 5K to 15K – with the dynamic shear rheology 
testing. The effect of increasing molecular weight for the pure components was shown in 
Section 4.2. According to our studies, viscosity of pure 6F and BPVE increases as the 
molecular weight is increased. Therefore, a similar behavior would initially be expected 
for BPVE/6F blends as one of the components increases molecular weight. Similar 
studies reported in the literature demonstrate the effect of increasing the molecular weight 
of one of the components in a polymeric blend (Han, 2007; Hameed and Hussein, 2002).  
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The complex viscosity is significantly reduced as the weight fraction of 6F is 
increased – by two orders of magnitude with a change in concentration of 20% to 80% 6F 
either 5K or 15K. Several studies (Yang and Han, 2008; Kim, J. et al., 1998; Muller and 
Pallierne, 1993) confirmed that by increasing the concentration of the component with 
the lower viscosity a decrease in zero-shear viscosity will be obtained. Despite this 
behavior a typical trend for the dependence of concentration on zero-shear viscosity has 
not been observed (Han, 2007).  Thus, now this study focuses on a comparison with 
BPVE/6F blends and the pure polymers. 
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Figure 4.19: Complex viscosity of samples A to H at 200ºC 
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In order to compare the effect of blending BPVE/6F materials with the pure 
polymers, zero-shear viscosity data for the blends and pure polymers is analyzed. Table 
4.13 presents the results obtained for zero-shear viscosity. A temperature of study of 
210ºC was selected for comparison with the pure polymers, and the results are shown in 
Figure 4.20. Primarily, the effects of 6F in zero-shear viscosity are of importance, since 
in previous sections, the 6F polymers under investigation presented a very low value of 
viscosity as compared with BPVE 13K. Our studies reveal that BPVE 13K is above its 
critical molecular weight, while 6F is not. Therefore, a more Newtonian like behavior 
was observed for pure 6F. 
 
Table 4.13: Zero shear viscosities for different PFCB blends using BPVE 13K and 6F at 
different molecular weights. 
                                    BPVE 13K   

Sample  6F concentration ηo (200 oC) Pa-s  ηo ( 210 oC) Pa-s  

A  20.41% 2716 2970 
6F B  39.74% 2052 1709 
5K C  64.05% 545 465 
  D  84.31% 89 53 
  E 19.98% 2848 2264 
6F F 39.58% 926 868 
15K G 60.38% 350 155 

H 80.35% 87 48 
 
Similar to our studies, the effect of blending a low molecular weight polymer with 
a polymer above its critical molecular weight of entanglements – polyethylene at low and 
high molecular weight – (Hameed and Hussein, 2002) has been discussed. It was 
demonstrated that these types of blend followed a trend that can be compared with 
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emulsions models – Einstein, Scholz et al. and Palierne and Bousmine emulsion models 
(Utraki, 2002; Han, 1981; Hameed and Hussein, 2002). The results presented in Figure 
4.20 follow the same trend as the results presented by Hammeed and Hussein (2002); 
therefore, an emulsion model prediction for BPVE/6F blends is suggested. Typically, 
most immiscible polymeric blends follow and fit the best with emulsion models (Utraki, 
2002). Thus, the results obtained with thermal and rheological analysis suggest 
immiscibility in BPVE/6F blends.  
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Figure 4.20: Zero-shear viscosities for blends of 6F (5K and 15K) with BPVE 13K at 
210ºC 
 
A comparison between the relaxation times for BPVE 13K and BPVE/6F blends 
is also performed. The relaxation times were calculated using the same method as BPVE 
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13K (the inverse of crossover frequency) discussed in previous Sections. In blended 
materials more than one value of relaxation time may exist (Frankel and Acrivos, 1970). 
However, recent studies have discussed the effect of relaxation time on polymer blends 
(Wang, 2004), demonstrating a reduction on relaxation time if one of the components 
present a liquid like behavior – i.e. no shear thinning effects at high frequencies. 
Therefore, the characteristic relaxation time obtained for BPVE 13K/6F blends may be 
compared with BPVE 13K since a non-Newtonian behavior was observed for this 
polymer. 
 Table 4.14 shows the results on relaxation time for the BPVE 13K/6F blends at 
210 ºC obtained from data in Appendix D.  
 
 Table 4.14: Relaxation times for different BPVE 13K/6F blends at 210ºC  
Molecular weight 
 
Sample 6F % Relaxation time (s) 
    BPVE 13K 0 0.17 
    A 20.4 0.056 
  6F 5K B 39.7 0.053 
BPVE 13K   C 64.0 0.035 
    E 20.0 0.052 
  
6F 
15K F 39.6 0.029 
    G 60.4 0.003 
 
  
As observed in Table 4.14, as the percentage of 6F is increased in the BPVE 
13K/6F blend, the characteristic relaxation time is reduced. Therefore, blends of BPVE 
13K with a 6F polymer will reduce the relaxation time of the sample. This behavior was 
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expected since the hexafluoroisopropylidene group – a typical group in the 6F polymers – 
has been used to improved flexibility in a variety of polymers (Yang, et al., 2001; 
Cassidy and Fitch, 1997; Cassidy et al., 1989).  
 In this work, we also demonstrate the effect of 6F in BPVE flexibility by plotting 
G’ vs. G’’ on a log scale – known as the Han plot (Friedrick et al., 1996; Neumann et al., 
1998; Li et al., 2006).  Figure 4.21 shows the Han plot for the blends made of BPVE 
13K/6F 15K. Samples fit a straight line at both temperatures employed in this study. A 
typical slope of 2 is observed in a Han Plot. A slope of 2 was obtained at the low 
frequencies probed in this work, as contained within the box indicated by gray dotted 
lines in Figure 4.21. The variable of interest in this plot is the concentration of 6F in the 
blend, since molecular weights of the polymers are constant. The Han plot suggests an 
interpretation of elasticity (Han, 2007) by observing the behavior of the blends. The more 
elastic the material, the closer it is to G’ axis. Our results show that sample E is the most 
elastic material, and the elasticity decreases as the concentration of 6F increases. The Han 
plot confirms the results obtained with the relaxation times. Thus, by increasing the 
percentage of 6F in a blend, a more viscous material is obtained. 
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Figure 4.21: Han Plot for blends of BPVE 13K/6F 15K at different concentrations 
  
In this work, BPVE 30K blended with 6F – 5K and 15K – was also investigated. 
Table 4.15 presents the data that was obtained for zero-shear viscosity of BPVE 30K/6F 
blends. As observed in Table 4.15, similar results and same trends were obtained for the 
effects of 6F blended with 30K BPVE – molecular weight and weight percentage – as 
compared with BPVE 13K/6F blends. However, due to the frequency limitations in the 
measuring of the dynamic shear properties, not all samples reached a zero-shear viscosity 
plateau. As discussed by Dealy and Larson (2006), TTS is not suitable for polymer 
blends. 
 
  80  
Table 4.15: Zero shear viscosities for different PFCB blends using BPVE 30K and 6F at 
different molecular weights. 
                          BPVE 30K 
 Sample 6F concentration ηo (200 oC) Pa-s ηo ( 210 oC) Pa-s 

I  20.86% 271,000 not reached 
6F J  40.60% 154,000 110,000 
5K K 60.70% 37,200 Not reached 
  L 19.60% 270,000 261,000 
6F M  40.60% Not reached 95,000 
15K N  59.80% Not reached 19,600 

O  78.80% 4,713 10,900 
  
4.5.4. Extrusion and film casting of PFCB blends.  
Following the thermal and rheological characterization of the blends, we 
undertook the film casting experiment.  It was decided to extrude BPVE 13K with the 5K 
6F at concentrations of 20% and at 40%. These ratios were selected since immiscible or 
miscible blends, which utilize a low molecular weight polymer, improve the lubrication 
of the die in an extruder (Utraki, 2002).  
 First, we attempted to extrude blend A and blend B at a barrel temperature of 
210ºC. However, at this temperature neither blend was able to be extruded from the 
microcompounder. Then, new samples were tested with a barrel zone temperature of 
220ºC inside, leading to a polymer melt temperature of around 200ºC. Under these 
conditions, we were able to extrude both blends A and B. Figure 4.22 illustrates the 
points at which the melt temperature inside the extruder and the temperature measured at 
the exit are recorded – recall that a heating tape was used in these experiments. The melt 
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temperature and barrel temperature were measured by the DSM Xplore 
microcompounder thermocouples; whereas, the exit temperature was monitored using an 
external electronic thermocouple, as illustrated in Figure 4.22.  
 
Figure 4.22: DSM microcompounder temperatures controls 
 
Table 4.16 presents the different parameters used in the extrusion of blends A and 
B. Thicknesses of the resulting films were 16 microns thick with a width of 
approximately 30 mm.  
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Table 4.16:  Parameters utilized within the DSM Xplore for PFCB blends. 
Material Blend A* Blend B** 
Polymer volume 7.5 cc 7.5 cc 
Temperature of the barrel 220ºC 220 ºC 
Temperature at the melt 202ºC 200ºC 
Temperature at the exit ( polymer comes out) 71.4ºC 69ºC 
Residence time 5 minutes 5 minutes 
Twin-screws rotation mode co-rotating co-rotating 
Maximum force allowed in the die 5000 N 5000 N 
Speed of twin-screws (extruder screws) 15 rpm 15 rpm 
Recirculation Gas Nitrogen Nitrogen 
Take-up roll speed 145 mm/s 100 mm/s 
Heating tape attached to die Yes Yes 
* Blend A represents BPVE 13K (80%) and 6F 5K (20%)    
**Blend B  represents BPVE 13K (60%) and 6F 5K (40%)  
  
4.5.5. PFCB blends: Characterization of films  
Films produced from blends A and B were analyzed using the FTIR, GPC and 
optical microscopy techniques. First, an analysis of the IR spectra obtained for BPVE 
13K/6F 5K blends was performed. Figure 4.23 shows the IR spectra for the sample A 
film after the extrusion process. Since blends A and B only differ by their relative 
concentrations of BPVE and 6F, it can be expected that the spectrum obtained for blend 
B (not shown) would exhibit peaks at similar wavenumbers, but at different relative 
intensity, as compared to blend A. Table 4.17 lists the chemical structure for sample A 
and B at each wavenumber shown in the FTIR scans.  
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Figure 4.23: IR spectra of blend A after extrusion 
 
 
Table 4.17: FTIR peaks analysis for film products of PFCB blends. 
Blend A 
 
Blend B 
 
wavenumber (cm-1) Chemical structure wavenumber (cm-1) Chemical structure 
3044 C-H stretching 3044 C-H stretching 
1606 Aromatic ring , -C=C- 1606 Aromatic ring  , -C=C- 
1494 Aromatic ring , -C=C- 1495 Aromatic ring , -C=C- 
1401 C-H, vinyl 1401 C-H, vinyl 
1300 Ar-C,C-F stretch  1301 Ar-C,C-F stretch  
1265 Ar-C,C-F stretch  1265 Ar-C,C-F stretch  
1192 Ar-C,C-F stretch  1193 Ar-C,C-F stretch  
1165 Ar-C,C-F stretch 1165 Ar-C,C-F stretch 
1107 C-O stretching  1110 C-O stretching  
1027 C-O stretching  1027 C-O stretching  
1007 C-O stretching  1007 C-O stretching  
953 Hexafluorocyclobutane 953 Hexafluorocyclobutane 
851 Aromatic ring , -C=C- 851 Aromatic ring  , -C=C- 
820 Aromatic ring , -C=C- 821 Aromatic ring  , -C=C- 
723 Aromatic ring , -C=C- 722 Aromatic ring , -C=C- 
599 Aromatic ring , -C=C- 599 Aromatic ring  , -C=C- 
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 FTIR data is helpful in: (1) comparing the blended films (BPVE/6F) with the pure 
BPVE film and (2) analyzing any changes in the structure (i.e. a relative increase in the 
absorbance of peaks) after melt processing of the materials.  
Comparing FTIR spectra of the BPVE/6F blends (Table 4.17) to BPVE 9K 
(Section 4.4), revealed that peaks at a wavenumber of 2920 and 2850 cm-1 were not 
observed in the case of blends. This indicated the effectiveness of BPVE 5K as a cleaning 
compound. In addition, an increase in the absorbance of the peak at 1192 cm-1 
wavenumber was believed to correspond to the –CF3 group in the 6F polymer.  
 In order to determine the effects of extrusion in the chemical structure of the 
extruded films, a comparison of BPVE 13K/6F 5K polymer blends before and after 
extrusion was performed, as suggested by Teramae and Tanaka (1984). Liou and 
coworkers (1997) have previously studied the FTIR data after a heating process (curing) 
in PFCB polymers. An increase in the relative absorbance of the hexafluorocyclobutane 
ring was observed as a result of the thermal cyclodimerization reaction. However, to 
undertake this analysis, a peak from the spectra must be selected as a 
normalized/reference peak, relative to which the heights of the other peaks can be 
studied.  
Figure 4.24 presents the IR spectrum for sample A before extrusion. A numerical 
comparison between the absorbance of the IR spectrums before and after extrusion of 
sample A (Figure 4.23) is listed in Table 4.18. The aromatic ring peak identified at a 
wavenumber of 1494 cm-1 was selected as a reference for this study. This peak was 
chosen because it was one of the strongest peaks in the FTIR spectrum and corresponded 
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to an aromatic ring, which is not expected to increase/decrease due to the thermal 
cyclodimerization reaction. The normalized absorbance data is also shown in Table 4.18 
 
Figure 4.24: IR spectra of sample A before extrusion 
 
 
Table 4.18: Absorbance of sample A at different conditions 
Absorbance Absorbance Absorbance Absorbance
before processing after processing before processing after processing
                        Normalized Peaks
Reference peak
1494 cm-1 –C=C– 0.135 0.0805 1 1
Aromatics
Hexafluorocyclobutane
0.149 0.1056 1.06 1.31
            953 cm-1
1165 cm-1 –C–F– 0.112 0.076 0.83 0.94
1193 –C–F– 0.15 0.0975 1.11 1.21
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As observed in the normalized data (Table 4.18), an increase in the absorbance 
was observed for the hexafluorocyclobutane ring (953cm-1) and for –C–F– bonds (1193 
and 1165 cm-1).  The increase in the normalized absorbance of the hexafluorocyclobutane 
ring and the –C–F– bonds is believed to be an effect of the thermal cyclodimerization 
reaction undertaken by BPVE and 6F polymers. 
In order to probe this theory, GPC techniques were also employed for the study of 
the films obtained from the BPVE/6F blends.  Figure 4.25 presents the GPC data for 
sample A before and after extrusion. The tight overlapping of two peaks was observed, 
and suggests that the polymers are eluting at the same time.  
The weight average molecular weight (Mw) was utilized to characterize the effect 
of melt processing in molecular weight. Table 4.19 presents the data obtained from the 
GPC analysis. The data shows an increase in molecular weight (Mw), as suggested by the 
results previously obtained in FTIR analysis. Thus, FTIR and GPC data proved that the 
thermal cyclodimerization reaction for BPVE/6F blends occurred during the extrusion 
process. Similar results were obtained with sample B and are given in Table 4.19.  
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Figure 4.25: GPC data for blend A (a) before extrusion and (b) after extrusion 
   
 
Table 4.19: Effects on molecular weight by extruding PFCB blends. 
6F percentage 
Molecular weight 
Mw 
Molecular weight 
Mw Name of 
Material 
  (before extrusion) (after extrusion) 
Blend A 20% 31K 43 K 
Blend B 40% 32 K 36K 
 
In this work, thermal and rheological data indicated immiscibility for BPVE/6F 
blends. Cross polarized optical microscopy was also used to further characterize the 
morphology of the BPVE/6F blends (Ma et al., 2001; Utraki, 2002; Robesson, 2007).  
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Figure 4.26 to 4.28 shows the results obtained for the different films studied: BPVE 9K, 
Sample A and sample B films respectively. 
The spherulites observed in Figure 4.27 and 4.28 confirmed the immiscibility of 
the blended polymers. As the concentration of 6F was increased, more spherulites were 
apparent in the films. 6F polymer has been characterized as a semi-crystalline polymer 
(Smith et al., 2005); therefore the appearance of small spherulites after the extrusion 
process was expected. 
 
 
Figure 4.26: Polarizing light microscopy for BPVE 9K film  
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Figure 4.27: Polarizing light microscopy for Sample A (20% 6F) 
 
 
Figure 4.28: Polarizing light microscopy for Sample B (40% 6F) 
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CHAPTER 5 
CONCLUSIONS 
The primary goal of this work, which was the extrusion of perfluorocyclobutyl 
(PFCB) polymers, was successfully carried out under specified conditions. In addition to 
extrusion, a systematic rheological and thermal characterization of both pure and blended 
PFCB polymers was also performed. From the study, the following conclusions can be 
reported: 
 
? Pure PFCB polymers: 
 
1. Thermal (Tg and/or Tm) properties of BPVE and 6F increase as the 
molecular weight of the polymers is increased. 
2. The zero-shear viscosity of BPVE is a function of molecular weight. The 
change in the power-law dependence of zero-shear viscosity on molecular 
weight demonstrated the formation of entanglements. Subsequently, a 
critical molecular weight for the formation of entanglements on BPVE is 
expected. 
3. BPVE at two different molecular weights – 5K and 9K – can be successfully 
extruded at temperatures of 210ºC and in an inert atmosphere, employing a 
twin-screw microcompounder extruder.  
4. The molecular weight of BPVE increases in the extrusion process. Using 
GPC techniques, we observed that the molecular weight increases due to the 
  91  
heating of the polymer. This may be an effect of the thermal 
cyclodimerization reaction.  
 
? PFCB blends: 
 
1. BPVE/6F blends are immiscible polymers; this was demonstrated through 
thermal, rheological and morphological techniques.  
2. The higher molecular weight BPVE polymers – 13K and 30K – exhibit a 
reduction in zero-shear viscosity when blended with 6F as compared to the 
pure BPVE polymers.  
3. The zero-shear viscosity of the BPVE/6F blends decreases exponentially as 
the concentration of 6F is increased.  
4. Blends of 13K BPVE and 5K 6F were successfully extruded, at temperature 
of 220ºC and an inert atmosphere, employing the DSM-Xplore 
microcompounder.  
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CHAPTER 6 
RECOMMENDATIONS FOR FUTURE WORK 
1. Further rheological studies of 6F with higher molecular weight samples should be 
performed to better probe the formation of entanglements in BPVE and 6F 
polymers.   
2. Further extrusion studies of 13K BPVE blended with 6F – either 5K or 15K – at 
additional concentrations of 6F should be performed. Then, a more detailed 
comparison of the effects of 6F in the blended films can be determined.  
3. After analyzing the thermal and rheological characteristics of PFCB materials, 
constitutive models should be fit to PFCB materials – both pure polymers and the 
blends. Subsequent continuum based modeling can be used to study the melt 
processing of the materials.  
4. The mechanical and optical properties of PFCB films should be analyzed. One 
possibility would be to heat the films in an inert atmosphere while stretching 
uniaxially or biaxially, so that the thermal cyclodimerization reaction will increase 
the molecular weight of the film.  
5. More powerful optical techniques, such as scanning electron microscopy (SEM), 
could be used to probe the formation of small spherulites in BPVE/6F films. 
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APPENDICES 
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Appendix A: Thermal Characterization of BPVE and 6F polymers 
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Figure A.1: DSC analysis of BPVE 5K 
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Figure A.2: DSC analysis of BPVE 9K 
  95  
4
4.2
4.4
4.6
4.8
5
5.2
5.4
5.6
0 50 100 150 200 250 300 350
Temperature (ºC)
N
or
m
al
iz
ed
 h
ea
t f
lo
w
 (W
/g
) e
nd
o 
up
 
Figure A.3: DSC analysis of BPVE 12K 
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Figure A.4: DSC analysis of BPVE 13K 
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Figure A.5: DSC analysis of BPVE 30K 
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Figure A.6: DSC analysis of 6F 5K 
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Figure A.7: DSC analysis of 6F 15K 
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Appendix B: Master curves data for BPVE polymers 
 
Table B.1: Master curve data for BPVE 13K at reference temperature of 200ºC 
 
ω rads-1 G' G'' η * ω rads-1 G' G'' η * 
0.002 4.502 10.602 0.002 0.44 718.16 1434.61 3629.68
0.003 7.099 18.430 0.003 0.48 689.72 1580.07 3608.86
0.004 9.707 30.082 0.004 0.60 1151.34 1840.56 3599.47
0.005 7.359 21.563 0.005 0.63 990.91 1872.52 3358.62
0.007 13.010 47.687 0.007 0.70 1074.76 1930.75 3154.27
0.008 11.688 38.811 0.008 0.76 1064.76 2165.87 3187.59
0.010 8.779 35.900 0.010 0.96 1666.05 2379.21 3038.40
0.011 18.411 74.616 0.011 1.00 1480.84 2491.56 2899.24
0.012 16.092 64.746 0.012 1.11 1579.55 2552.73 2703.63
0.016 15.371 76.916 0.016 1.20 1611.09 2916.33 2776.46
0.018 28.006 114.794 0.018 1.52 2359.47 3009.71 2524.13
0.019 23.236 104.111 0.019 1.58 2163.92 3251.09 2464.85
0.024 22.291 112.951 0.024 1.76 2278.96 3310.65 2283.91
0.025 27.094 133.926 0.025 1.90 2389.29 3851.56 2383.10
0.028 44.959 173.493 0.028 2.40 3265.11 3723.36 2062.27
0.030 36.057 163.759 0.030 2.51 3096.92 4150.73 2062.28
0.038 53.588 221.585 0.038 2.79 3220.92 4201.59 1898.10
0.040 49.166 215.661 0.040 3.02 3465.14 4977.79 2012.02
0.044 73.431 256.504 0.044 3.81 4405.00 4505.20 1655.54
0.048 59.580 251.522 0.048 3.98 4328.51 5178.73 1695.84
0.060 107.203 355.325 0.060 4.42 4451.42 5213.26 1550.71
0.063 88.556 331.753 0.063 4.78 4916.57 6290.24 1671.00
0.070 119.922 373.825 0.070 6.03 5818.03 5321.22 1307.07
0.076 99.129 376.575 0.076 6.31 5911.06 6308.47 1370.50
0.096 190.987 525.742 0.096 7.01 6011.34 6310.33 1243.89
0.100 153.729 491.907 0.100 7.58 6804.87 7752.66 1362.19
0.111 192.310 536.063 0.111 9.56 7503.66 6145.07 1014.46
0.120 165.611 553.064 0.120 10.00 7876.76 7497.08 1087.68
0.152 318.682 747.950 0.152 11.11 7923.59 7452.04 979.50
0.158 256.333 708.626 0.158 12.01 9179.91 9322.10 1090.03
0.176 303.502 754.743 0.176 15.16 9457.60 6938.05 774.08
0.190 271.826 798.392 0.190 15.85 10234.87 8690.33 847.34
0.240 505.778 1032.992 0.240 17.61 10181.25 8556.23 755.59
0.251 413.902 999.199 0.251 19.03 12069.01 10920.74 855.56
0.279 471.234 1048.983 0.279 24.02 11655.78 7668.50 580.95
0.302 437.447 1132.452 0.302 25.12 12971.04 9840.27 648.29
0.381 774.116 1393.483 0.381 27.91 12738.68 9482.93 569.26
0.398 648.692 1380.783 0.398 30.17 15475.48 12489.93 659.52
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Table B.1 continued 
 
Table B.1 Master curve data for BPVE 13K at reference temperature of 200ºC 
 
ω rads-1 G' G'' η * 
38.07 14067.80 8319.32 429.37
39.81 16046.19 10892.88 487.24
44.23 15435.46 9783.72 413.32
47.81 19313.38 13890.96 497.76
60.33 16639.97 8887.00 312.70
63.10 19407.99 11817.34 360.18
70.09 16749.11 7773.27 263.49
75.78 23468.45 14924.51 367.13
95.62 19327.09 9371.54 224.64
100.00 22976.01 12569.56 261.93
120.10 27551.27 14864.41 260.73
151.55 22096.12 9803.83 159.52
158.49 26581.29 12979.96 186.66
190.34 28862.32 11174.65 162.63
240.19 24863.00 10184.81 111.87
251.19 29775.97 12423.48 128.45
380.68 27512.58 10419.32 77.28
398.11 29764.79 8669.53 77.88
603.34 29612.55 9987.25 51.80
956.23 28546.71 6963.25 30.73
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Table B.2: Master curve data for BPVE 30K at reference temperature of 200ºC. 
 
ω rads-1 G' G'' Eta * ω rads-1 G' G'' Eta * 
0.006 1210.475 1734.415 4.412 159.83 120965.44 27457.62 150.57
0.01 1844.302 2367.268 7.776 191.59 96286.26 22046.23 173.64
0.01 2140.786 2549.173 6.939 251.19 108719.89 20851.76 116.13
0.016 3093.897 3287.489 11.63 253.31 112962.85 13688.77 103.98
0.016 3105.905 3360.88 9.533 303.64 101023.86 22768.51 158.99
0.019 2939.54 3472.201 9.488 398.11 100109.90 10097.75 78.42
0.025 4383.082 4268.418 15.557 481.24 103469.35 21903.78 130.61
0.025 4215.161 4283.921 12.51 762.71 95369.06 14137.88 89.86
0.03 4603.886 4811.926 13.866 2.51 39840.48 21358.08 86.6
0.04 5775.914 5393.931 19.472 2.53 40877.09 24902.98 97.22
0.04 5512.874 5363.992 15.996 3.04 42583.15 19509.98 95.09
0.048 6388.789 6158.395 18.456 3.98 46645.51 22858.81 97.47
0.063 7456.502 6650.034 23.829 4.01 48806.45 27285.34 112.96
0.064 7084.123 6646.435 20.179 4.81 48682.82 20176.65 106.59
0.076 8483.792 7616.18 23.676 6.31 53883.05 23987.04 108.46
0.1 9486.075 8124.921 28.899 6.36 57484.82 29347.41 129.59
0.101 9021.549 8167.124 25.247 7.63 54912.73 20606.99 118.15
0.121 10975.02 9193.376 29.682 10 61455.79 24821.74 119.82
0.158 11979.69 9760.429 34.666 10.08 66770.76 31009.77 146.69
0.16 11392.62 9962.753 31.347 12.09 61175.7 20838.16 129.66
0.192 13952.19 10873.11 36.599 15.85 69181.63 25290.96 130.83
0.251 14993.24 11638.54 41.421 15.98 76487.56 32259.45 163.74
0.253 14342.48 12022.22 38.686 19.16 67414.58 20895.32 140.97
0.304 17460.84 12589.79 44.439 25.12 76829.06 25491.08 141.29
0.398 18608.26 13599.58 48.794 25.33 86367.44 33009.43 179.2
0.401 17952.18 14358.81 47.406 30.36 73554.87 20875.63 151.9
0.481 21528.52 14291.78 53.201 39.81 84510.32 25538.12 150.55
0.631 22863.75 15657.35 57.013 40.15 96387.72 33359.01 190.93
0.636 22356.59 16918.34 57.641 48.12 79537.33 20885.23 162.14
0.763 26135.7 15882.93 62.77 63.1 92044.53 25458.33 156.69
1 27870.33 17675.26 66.202 63.63 106175.5 33175.84 193.71
1.008 27618.7 19606.61 69.38 76.27 85345.88 21005.69 170.78
1.21 31234.03 17288.57 73.03 100 99043.48 24989.38 154.81
1.58 33529.6 19618.31 76.07 100.84 115166 31948.3 181.07
1.6 33796.81 22294.68 82.62 120.88 90954.43 21368.05 175.9
1.92 36736.04 18526.54 83.85 158.49 105207.7 24091.82 141.42
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Appendix C: Thermal Characterization of PFCB blends 
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Figure C.1: DSC analysis of sample A 
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Figure C.2: DSC analysis of sample B 
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Figure C.3: DSC analysis of sample C 
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Figure C.4: DSC analysis of sample D 
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Figure C.5: DSC analysis of sample E 
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Figure C.6: DSC analysis of sample F 
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Figure C.7: DSC analysis of sample G 
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Figure C.8: DSC analysis of sample H 
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Figure C.9: DSC analysis of sample I 
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Figure C.10: DSC analysis of sample J 
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Figure C.11: DSC analysis of sample K 
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Figure C.12: DSC analysis of sample L 
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Figure C.13: DSC analysis of sample M 
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Figure C.14: DSC analysis of sample O 
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Appendix D: Dynamic Shear properties of PFCB blends 
 
Table D.1: Dynamic shear rheological properties of Sample A at 200ºC and 210ºC 
T (ºC)   200     210   
ω (rad/s) G' G'' η* G' G'' η* 
0.010 7.43 29.70 3061.80 6.21 20.86 2176.40 
0.016 18.75 60.74 4011.35 12.28 41.79 2749.75 
0.025 32.20 99.12 4149.10 20.71 66.58 2775.75 
0.040 54.02 149.33 3988.80 33.43 103.77 2738.55 
0.063 87.30 217.01 3707.20 54.40 155.77 2614.95 
0.100 135.57 307.68 3362.20 85.41 227.08 2426.15 
0.158 205.06 427.56 2991.90 132.42 324.14 2209.30 
0.251 305.18 586.79 2633.05 200.08 456.61 1984.65 
0.398 447.69 793.33 2288.10 299.64 634.56 1762.75 
0.631 649.02 1056.65 1965.40 443.57 871.91 1550.50 
1.000 930.91 1385.66 1669.35 651.82 1183.85 1351.50 
1.585 1317.59 1784.05 1399.34 946.22 1585.40 1165.05 
2.512 1836.45 2250.50 1156.36 1363.05 2089.30 993.21 
3.981 2512.60 2778.05 940.88 1937.30 2704.90 835.81 
6.310 3365.05 3346.80 752.22 2714.40 3434.60 693.89 
10.000 4414.40 3941.85 591.82 3736.30 4266.25 567.16 
15.849 5659.25 4532.40 457.48 5039.55 5175.25 455.83 
25.119 7088.60 5098.20 347.61 6646.05 6131.40 360.02 
39.811 8679.35 5613.35 259.65 8560.40 7089.75 279.23 
63.096 10399.85 6069.80 190.85 10764.20 8013.55 212.70 
100.000 12203.40 6447.00 138.01 13210.00 8841.65 158.97 
158.490 13995.30 6678.55 97.85 15806.50 9464.25 116.25 
251.190 15540.30 6433.05 66.96 18274.50 9399.05 81.81 
398.110 15406.85 4609.10 40.39 18848.50 7102.45 50.60 
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Table D.2: Dynamic shear rheological properties of Sample B at 200ºC and 210ºC 
 
T (ºC)   200     210   
ω (rad/s) G' G'' η* G' G'' η* 
0.010 6.87 18.20 1944.95 5.60 13.51 1462.94 
0.016 14.63 33.00 2049.70 11.89 24.68 1728.52 
0.025 22.95 51.52 2054.00 18.63 38.16 1690.41 
0.040 34.70 76.05 1933.55 27.08 56.44 1572.57 
0.063 51.49 108.91 1758.93 38.29 81.66 1429.46 
0.100 76.19 153.73 1575.55 54.24 117.33 1292.63 
0.158 111.83 211.78 1380.10 77.78 166.65 1160.45 
0.251 162.94 289.20 1200.78 112.29 233.85 1032.79 
0.398 235.31 388.33 1029.12 162.41 326.30 915.62 
0.631 336.42 513.36 871.54 235.34 449.12 803.66 
1.000 475.76 667.57 728.87 341.34 611.41 700.28 
1.585 664.63 852.70 601.87 493.56 820.49 604.18 
2.512 916.04 1067.76 490.13 707.84 1083.74 515.36 
3.981 1239.40 1307.35 392.56 1005.31 1405.82 434.15 
6.310 1644.18 1565.23 309.49 1407.40 1788.21 360.68 
10.000 2135.50 1829.04 239.88 1937.33 2225.23 295.06 
15.849 2712.13 2088.04 182.85 2613.63 2703.60 237.28 
25.119 3365.80 2333.60 137.01 3444.53 3205.57 187.33 
39.811 4085.90 2554.53 101.04 4434.90 3710.40 145.25 
63.096 4859.03 2749.17 73.41 5577.73 4199.20 110.66 
100.000 5662.87 2913.93 52.56 6846.70 4639.77 82.71 
158.490 6446.00 3018.43 36.85 8176.17 4976.23 60.39 
251.190 7115.67 2909.73 24.98 9451.00 4966.40 42.50 
398.110 7012.43 2109.08 14.93 9765.67 3809.43 26.33 
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Table D.3: Dynamic shear rheological properties of Sample C at 200ºC and 210ºC 
 
T (ºC)   200     210   
ω (rad/s) G' G'' η* G' G'' η* 
0.010 1.15 4.21 437.06 1.10 3.28 346.06 
0.016 2.59 8.13 538.46 2.52 6.47 438.37 
0.025 4.59 13.01 549.30 3.68 11.17 468.33 
0.040 7.08 20.22 538.35 5.85 17.62 466.36 
0.063 11.02 30.03 507.23 8.74 26.92 448.65 
0.100 17.62 43.02 465.03 13.66 40.32 425.74 
0.158 27.16 60.55 418.86 21.02 58.90 394.65 
0.251 40.97 83.37 369.96 32.41 84.50 360.36 
0.398 61.44 113.29 323.84 49.49 119.41 324.75 
0.631 90.37 151.21 279.27 74.87 166.31 289.09 
1.000 130.21 198.40 237.38 112.75 228.78 255.09 
1.585 185.45 254.96 198.98 167.50 309.71 222.19 
2.512 258.71 320.54 164.03 245.05 411.98 190.85 
3.981 353.76 394.57 133.14 353.63 538.04 161.74 
6.310 471.35 473.53 105.92 499.58 687.62 134.72 
10.000 612.89 555.18 82.71 690.05 859.23 110.21 
15.849 778.20 636.80 63.46 931.26 1049.73 88.55 
25.119 961.75 716.14 47.75 1220.64 1252.28 69.62 
39.811 1158.45 792.40 35.26 1558.52 1465.67 53.74 
63.096 1368.35 872.26 25.73 1942.60 1689.25 40.80 
100.000 1580.30 956.77 18.48 2356.10 1923.30 30.42 
158.490 1771.75 1047.79 13.00 2779.30 2162.35 22.22 
251.190 1956.20 1107.32 8.96 3229.30 2344.40 15.89 
398.110 1967.35 980.40 5.53 3442.95 2129.35 10.17 
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Table D.4: Dynamic shear rheological properties of Sample D at 200ºC and 210ºC 
 
T (ºC)   200     210   
ω (rad/s) G' G'' η* G' G'' η* 
0.010 0.39 1.27 137.71 0.04 0.33 33.09 
0.016 0.04 2.18 146.48 0.13 1.70 109.56 
0.025 0.47 2.52 102.28 0.29 1.45 58.95 
0.040 0.79 3.48 89.71 0.48 2.00 51.68 
0.063 1.51 5.41 89.29 0.75 3.34 54.35 
0.100 2.42 7.71 80.96 1.41 5.03 52.25 
0.158 3.85 11.01 73.69 2.02 7.77 50.64 
0.251 5.89 15.20 64.94 2.84 11.51 47.22 
0.398 9.25 21.37 58.56 4.99 16.69 43.76 
0.631 13.94 29.05 51.12 7.84 24.20 40.32 
1.000 21.02 38.99 44.35 12.61 34.36 36.61 
1.585 30.83 51.25 37.77 19.55 48.05 32.74 
2.512 43.60 65.55 31.37 29.89 65.75 28.76 
3.981 60.85 83.28 25.94 44.73 89.26 25.09 
6.310 82.27 103.25 20.95 64.74 117.95 21.34 
10.000 108.30 125.27 16.59 90.79 151.90 17.71 
15.849 138.70 149.99 12.92 124.75 194.31 14.59 
25.119 170.93 177.42 9.84 165.81 245.40 11.81 
39.811 206.84 212.29 7.48 211.42 307.59 9.40 
63.096 243.83 256.59 5.65 265.42 389.44 7.50 
100.000 284.88 318.63 4.31 322.97 496.45 5.96 
158.490 305.48 401.71 3.22 369.98 645.32 4.73 
251.190 341.81 500.82 2.44 441.52 828.81 3.77 
398.110 379.05 578.50 1.75 530.04 975.22 2.81 
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Table D.5: Dynamic shear rheological properties of Sample E at 200ºC and 210ºC 
 
T (ºC)   200     210   
ω (rad/s) G' G'' η* G' G'' η* 
0.010 4.37 14.51 2126.35 8.99 23.61 1936.45 
0.016 9.37 30.00 2840.20 44.40 80.58 2222.75 
0.025 18.19 48.95 2910.50 43.53 98.70 2327.50 
0.040 29.56 73.41 2794.85 51.43 126.97 2244.45 
0.063 46.50 106.12 2586.45 70.81 174.50 2086.00 
0.100 70.51 149.13 2328.15 102.21 246.87 1908.95 
0.158 104.37 205.65 2054.95 148.23 342.54 1717.90 
0.251 152.37 279.63 1792.50 216.07 473.34 1526.60 
0.398 220.70 375.65 1549.05 313.15 653.65 1349.45 
0.631 315.99 497.18 1322.84 455.75 895.51 1182.00 
1.000 448.64 649.01 1118.83 662.93 1214.25 1026.66 
1.585 628.07 832.88 934.15 958.51 1624.17 882.35 
2.512 867.71 1047.99 769.18 1376.84 2142.40 750.44 
3.981 1178.43 1291.48 623.87 1955.30 2774.13 631.12 
6.310 1571.09 1557.71 498.37 2735.73 3520.60 523.44 
10.000 2051.32 1837.07 391.40 3758.80 4365.97 427.50 
15.849 2622.62 2117.87 302.29 5053.37 5284.30 343.27 
25.119 3281.17 2391.66 229.70 6636.23 6246.60 270.97 
39.811 4016.37 2646.44 171.63 8519.17 7219.87 210.07 
63.096 4820.84 2881.07 126.39 10693.10 8172.70 160.01 
100.000 5670.06 3084.71 91.60 13118.77 9055.67 119.70 
158.490 6514.23 3228.11 65.09 15732.83 9771.27 87.67 
251.190 7264.67 3150.81 44.73 18296.67 9841.30 61.86 
398.110 7242.83 2338.30 27.13 19089.67 7614.03 38.45 
 
 
 
 
 
 
 
 
 
 
 
  113  
Table D.6: Dynamic shear rheological properties of Sample F at 200ºC and 210ºC 
 
T (ºC)   200     210   
ω (rad/s) G' G'' η* G' G'' η* 
0.010 2.46 5.99 751.54 190.69 104.38 777.29 
0.016 4.60 10.85 852.22 167.75 95.43 872.07 
0.025 7.97 19.15 995.04 77.63 80.42 895.55 
0.040 12.18 27.97 931.22 34.12 62.73 839.01 
0.063 17.99 39.88 850.06 25.10 63.95 783.05 
0.100 26.53 54.96 752.09 36.11 89.70 706.25 
0.158 38.52 74.17 653.58 52.57 126.27 634.34 
0.251 54.45 99.23 560.03 77.24 176.83 562.81 
0.398 76.58 130.95 474.96 114.13 245.57 495.30 
0.631 107.03 171.50 399.91 166.72 336.69 430.42 
1.000 148.05 221.77 332.51 243.20 455.47 371.26 
1.585 202.30 284.03 274.03 350.90 609.16 316.59 
2.512 273.26 359.27 223.17 501.08 802.12 267.03 
3.981 365.24 448.76 179.72 707.04 1042.96 222.80 
6.310 483.27 554.53 143.32 982.69 1331.95 183.45 
10.000 630.57 675.74 112.89 1340.29 1671.10 148.95 
15.849 815.48 812.18 87.99 1797.57 2061.50 119.54 
25.119 1041.74 961.54 67.81 2364.20 2500.17 94.61 
39.811 1315.16 1119.39 51.68 3057.47 2983.57 74.03 
63.096 1638.76 1283.65 39.02 3897.87 3511.57 57.30 
100.000 2007.37 1447.07 29.08 4879.93 4058.10 43.73 
158.490 2394.80 1592.77 21.24 5987.07 4576.77 32.72 
251.190 2786.20 1640.87 15.01 7183.83 4853.83 23.72 
398.110 2904.77 1338.17 9.36 7791.37 4105.20 15.18 
 
 
. 
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Table D.7: Dynamic shear rheological properties of Sample G at 200ºC and 210ºC 
 
T (ºC)   200     210   
ω (rad/s) G' G'' η* G' G'' η* 
0.010 258.35 16.52 25988.37 0.37 1.03 110.55 
0.016 200.63 69.48 322.51 0.18 3.76 239.76 
0.025 40.72 45.82 355.63 1.07 3.73 154.79 
0.040 9.40 24.43 347.49 1.87 6.09 159.97 
0.063 14.00 32.91 317.42 2.78 9.36 154.79 
0.100 21.36 45.05 286.24 4.85 13.45 143.01 
0.158 31.77 61.11 253.82 7.34 19.56 131.84 
0.251 46.43 80.83 219.04 11.54 27.52 118.83 
0.398 66.58 106.30 186.25 17.26 38.42 105.79 
0.631 93.91 137.35 156.86 25.85 52.97 93.42 
1.000 129.88 175.00 130.84 37.90 71.53 80.96 
1.585 177.06 219.03 107.34 54.40 96.19 69.74 
2.512 237.14 269.84 86.91 77.93 127.57 59.53 
3.981 312.31 327.73 69.53 109.58 166.60 50.10 
6.310 401.90 391.99 54.69 151.33 214.50 41.62 
10.000 503.35 461.60 42.30 204.44 273.29 34.15 
15.849 617.44 541.63 32.34 270.62 344.86 27.68 
25.119 742.89 638.34 24.52 350.39 433.21 22.20 
39.811 884.98 761.65 18.54 447.15 545.37 17.74 
63.096 1054.62 924.73 14.10 565.68 693.18 14.20 
100.000 1261.07 1136.36 10.78 713.73 885.14 11.39 
158.490 1505.17 1398.35 8.20 887.42 1128.93 9.08 
251.190 1825.74 1635.50 6.12 1132.66 1382.27 7.13 
398.110 2068.21 1596.74 4.09 1379.57 1449.37 5.03 
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Table D.8: Dynamic shear rheological properties of Sample H at 200ºC and 210ºC 
 
T (ºC)   200     210   
ω (rad/s) G' G'' η* G' G'' η* 
0.010 199.26 82.65 21620.19 0.41 0.39 62.91 
0.016 120.41 72.27 8875.91 0.44 0.74 54.48 
0.025 4.10 6.42 305.42 0.34 1.12 47.30 
0.040 1.35 3.62 97.16 0.69 1.61 44.19 
0.063 1.61 5.04 83.91 0.87 2.28 38.65 
0.100 2.67 7.01 75.04 1.33 3.72 39.52 
0.158 3.53 9.68 65.04 1.75 5.23 34.79 
0.251 5.56 13.35 57.70 2.68 7.82 32.90 
0.398 8.27 18.53 50.99 3.88 10.95 29.21 
0.631 11.91 25.43 44.54 5.80 15.67 26.49 
1.000 17.00 34.35 38.36 8.17 22.03 23.51 
1.585 24.03 46.67 33.18 11.54 31.09 20.93 
2.512 33.31 62.51 28.26 16.47 44.51 18.90 
3.981 45.50 83.65 23.99 23.48 62.77 16.84 
6.310 60.64 112.62 20.35 32.16 88.62 14.95 
10.000 79.46 152.23 17.25 44.22 126.38 13.39 
15.849 102.73 207.09 14.65 60.31 180.49 12.01 
25.119 133.22 286.62 12.64 81.99 259.61 10.84 
39.811 174.59 401.88 11.05 113.05 375.49 9.85 
63.096 233.40 568.46 9.76 160.67 546.75 9.03 
100.000 325.88 806.57 8.71 236.23 794.94 8.29 
158.490 455.43 1131.57 7.70 343.63 1143.51 7.53 
251.190 687.92 1507.80 6.60 554.99 1570.36 6.63 
398.110 1014.36 1725.77 5.03 896.35 1863.23 5.19 
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Table D.9: Dynamic shear rheological properties of Sample I at 200ºC and 210ºC 
  
T (ºC)   200     210   
ω (rad/s) G' G'' η* G' G'' η* 
0.010 1518.94 1681.31 226584.78 683.12 758.40 139932.00
0.016 2436.59 2341.81 213238.61 1338.75 1143.35 145006.67
0.025 3372.11 3014.58 180075.53 1917.15 1467.85 124633.67
0.040 4442.63 3758.51 146175.33 2486.95 1811.15 100772.00
0.063 5639.57 4578.52 115130.78 3098.85 2192.15 79095.00
0.100 7053.81 5499.24 89444.99 3788.40 2620.25 61015.00
0.158 8743.48 6518.53 68816.87 4593.25 3119.95 46839.33
0.251 10768.37 7625.69 52537.51 5533.45 3692.45 35668.00
0.398 13147.89 8789.91 39734.05 6649.55 4331.70 27061.00
0.631 15899.59 9962.36 29744.40 7967.25 5030.60 20424.33
1.000 19052.83 11134.69 22074.20 9516.90 5778.10 15318.00
1.585 22571.56 12190.40 16190.77 11315.00 6541.65 11417.97
2.512 26423.73 13104.54 11745.55 13367.00 7281.20 8437.07
3.981 30550.70 13872.83 8430.43 15651.50 7983.55 6175.80
6.310 34868.98 14450.43 5983.60 18158.00 8601.80 4474.97
10.000 39318.63 14845.88 4203.64 20835.00 9121.30 3208.03
15.849 43814.68 15074.64 2924.01 23669.00 9532.10 2277.07
25.119 48207.07 15162.22 2012.07 26560.50 9833.05 1599.30
39.811 52627.40 15187.39 1375.97 29481.00 10027.70 1112.24
63.096 56929.49 15184.33 933.84 32391.50 10134.60 766.65
100.000 61029.38 15138.70 628.80 35228.50 10152.60 523.49
158.490 64661.34 14849.34 418.62 37834.00 9934.75 353.09
251.190 66620.42 13183.78 270.39 39549.50 8763.45 231.00
398.110 61271.59 6994.47 154.96 36890.50 4669.20 133.89
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Table D.10: Dynamic shear rheological properties of Sample J at 200ºC and 210ºC 
 
T (ºC)   200     210   
ω (rad/s) G' G'' η* G' G'' η* 
0.010 869.37 921.32 126674.93 770.99 771.97 109158.00
0.016 1411.35 1303.48 121221.67 1367.33 1137.28 112333.33
0.025 1940.45 1680.04 102182.64 1884.93 1470.90 95262.00
0.040 2525.45 2096.74 82450.52 2426.20 1833.50 76441.00
0.063 3195.93 2564.38 64941.74 3028.10 2240.57 59737.00
0.100 3992.34 3097.28 50529.34 3724.77 2715.07 46117.33
0.158 4944.65 3691.58 38934.12 4537.83 3259.83 35270.33
0.251 6084.14 4345.92 29766.05 5509.80 3892.50 26867.67
0.398 7438.83 5034.54 22562.76 6673.13 4601.50 20368.33
0.631 9012.25 5733.98 16929.39 8064.60 5378.17 15367.67
1.000 10817.28 6413.07 12575.43 9708.57 6214.73 11530.33
1.585 12835.29 7074.35 9247.15 11622.93 7074.33 8587.17
2.512 15083.09 7640.63 6731.21 13824.00 7909.47 6341.83
3.981 17475.93 8114.79 4839.93 16288.33 8704.07 4639.80
6.310 19988.48 8488.39 3441.79 18991.00 9418.00 3360.17
10.000 22574.57 8756.01 2421.32 21883.33 10024.23 2407.30
15.849 25202.45 8932.83 1687.10 24922.33 10512.97 1706.87
25.119 27820.23 9051.81 1164.70 28027.00 10899.03 1197.27
39.811 30403.99 9128.46 797.39 31162.67 11192.60 831.79
63.096 32939.21 9212.79 542.09 34347.00 11435.20 573.79
100.000 35387.70 9305.25 365.90 37485.67 11604.10 392.44
158.490 37609.04 9277.83 244.41 40454.33 11566.87 265.50
251.190 38994.96 8479.36 158.87 42563.00 10508.03 174.55
398.110 36207.74 4898.00 91.78 40072.00 6154.20 101.85
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Table D.11: Dynamic shear rheological properties of Sample K at 200ºC and 210ºC 
 
T (ºC)   200     210   
ω (rad/s) G' G'' η* G' G'' η* 
0.010 206.29 214.09 29730.50 545.07 341.82 64953.00 
0.016 332.76 302.57 28378.00 751.19 435.64 55254.00 
0.025 453.14 387.36 23735.00 874.38 454.58 39707.50 
0.040 586.71 481.16 19061.00 1012.90 580.80 29509.00 
0.063 741.80 586.56 14988.50 1184.25 657.76 21624.00 
0.100 921.33 706.66 11612.50 1371.45 774.52 15842.00 
0.158 1132.00 836.82 8882.95 1563.95 908.22 11460.50 
0.251 1385.60 979.20 6755.15 1816.75 1069.27 8420.80 
0.398 1679.65 1129.10 5084.00 2116.45 1252.50 6192.35 
0.631 2019.35 1278.00 3787.75 2459.25 1449.55 4532.25 
1.000 2405.40 1425.85 2796.35 2870.20 1660.00 3319.70 
1.585 2835.10 1568.60 2044.45 3336.90 1876.15 2417.40 
2.512 3301.75 1689.75 1476.65 3864.05 2081.50 1748.25 
3.981 3792.20 1794.20 1053.80 4439.75 2274.10 1253.47 
6.310 4293.55 1876.85 742.68 5049.30 2441.95 889.17 
10.000 4778.10 1939.35 515.68 5664.00 2576.45 622.36 
15.849 5237.25 1994.05 353.61 6282.10 2694.50 431.35 
25.119 5648.70 2061.75 239.42 6874.15 2810.05 295.67 
39.811 6037.55 2178.30 161.26 7438.30 2953.00 201.04 
63.096 6486.35 2355.15 109.42 8047.85 3164.05 137.06 
100.000 6966.25 2590.00 74.38 8679.75 3453.30 93.42 
158.490 7511.95 2854.50 50.76 9382.40 3802.25 63.88 
251.190 8064.60 2944.65 34.22 10115.15 3968.40 43.26 
398.110 7866.85 2298.40 20.61 9940.35 3168.90 26.22 
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Table D.12: Dynamic shear rheological properties of Sample L at 200ºC and 210ºC 
 
T (ºC)   200     210   
ω (rad/s) G' G'' η* G' G'' η* 
0.010 1318.30 1610.55 208155.00 1231.60 1428.45 189060.00
0.016 2443.00 2376.55 215075.00 2295.30 2095.20 196595.00
0.025 3484.85 3074.15 185030.00 3166.55 2686.80 165660.00
0.040 4594.35 3820.20 150115.00 4067.32 3319.56 132011.09
0.063 5821.10 4653.85 118140.00 5097.28 4048.24 103256.80
0.100 7264.40 5587.95 91667.00 6309.98 4887.32 79866.30
0.158 8954.10 6608.65 70230.50 7739.73 5881.86 61371.95
0.251 10965.00 7746.50 53456.00 9455.00 7020.47 46904.97
0.398 13327.50 8932.85 40308.50 11512.48 8309.70 35677.37
0.631 16067.50 10150.10 30125.50 13968.27 9733.83 26991.22
1.000 19195.00 11329.50 22292.50 16904.64 11277.62 20326.04
1.585 22671.00 12503.00 16337.50 20331.30 12906.72 15197.89
2.512 26521.00 13537.50 11855.00 24282.89 14519.23 11265.41
3.981 30637.50 14469.00 8511.65 28725.95 16101.23 8272.72
6.310 34980.00 15259.00 6048.90 33642.02 17580.27 6016.58
10.000 39501.50 15926.50 4259.40 38938.64 18944.07 4330.51
15.849 44172.00 16474.00 2974.70 44627.17 20151.83 3089.70
25.119 48942.50 16930.00 2061.80 50622.59 21207.27 2185.08
39.811 53777.00 17293.50 1418.95 56872.38 22083.69 1532.52
63.096 58634.00 17624.00 970.36 63303.22 22817.01 1066.51
100.000 63358.50 17890.50 658.37 69782.65 23358.96 735.91
158.490 67684.00 17860.00 441.68 76052.66 23403.23 502.09
251.190 70442.50 16325.00 287.87 80555.75 21309.65 331.74
398.110 65608.50 9678.85 166.59 76321.10 12656.14 194.33
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Table D.13: Dynamic shear rheological properties of Sample M at 200ºC and 210ºC 
 
T (ºC)   200     210   
ω (rad/s) G' G'' η* G' G'' η* 
0.010 198.46 199.40 28155.00 465.15 441.87 64169.33 
0.016 307.15 275.36 26039.50 794.96 639.01 64391.33 
0.025 415.57 350.38 21650.50 1066.09 803.10 53159.33 
0.040 527.56 430.88 17119.65 1348.33 982.67 41924.00 
0.063 665.44 523.16 13424.05 1659.57 1189.37 32370.33 
0.100 820.54 627.26 10334.55 2016.93 1428.13 24720.67 
0.158 1009.39 743.29 7914.05 2436.43 1708.80 18782.00 
0.251 1237.38 868.17 6023.00 2934.23 2027.10 14201.33 
0.398 1498.93 997.66 4527.20 3525.13 2390.00 10700.13 
0.631 1796.55 1135.67 3371.80 4231.07 2792.63 8035.93 
1.000 2138.45 1272.53 2490.70 5069.00 3222.87 6007.67 
1.585 2522.05 1403.45 1822.85 6034.27 3672.13 4457.43 
2.512 2942.05 1532.25 1321.77 7141.20 4118.30 3282.20 
3.981 3403.55 1656.70 951.74 8372.47 4557.67 2394.70 
6.310 3890.00 1771.75 678.11 9726.53 4978.23 1731.90 
10.000 4405.10 1885.55 479.66 11181.80 5376.13 1240.79 
15.849 4949.50 1996.35 337.15 12737.53 5757.30 882.05 
25.119 5524.70 2110.25 235.79 14379.67 6123.97 622.25 
39.811 6112.35 2236.95 163.80 16113.33 6488.83 436.36 
63.096 6728.10 2388.75 113.41 17928.33 6856.83 304.24 
100.000 7365.65 2568.90 78.22 19798.67 7218.13 210.75 
158.490 7992.60 2743.30 53.49 21658.33 7485.67 144.60 
251.190 8492.85 2717.20 35.63 23149.67 7194.17 96.52 
398.110 8061.85 1976.35 20.93 22208.33 4901.43 57.14 
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Table D.14: Dynamic shear rheological properties of Sample N at 200ºC and 210ºC 
 
T (ºC)   200     210   
ω (rad/s) G' G'' η* G' G'' η* 
0.010 172.66 195.80 26105.15 74.46 78.05 10788.45 
0.016 276.82 268.98 24353.25 141.87 119.42 11704.20 
0.025 368.74 340.64 19985.40 190.99 146.14 9575.70 
0.040 468.14 419.68 15792.40 238.97 176.56 7464.60 
0.063 582.18 509.10 12257.30 294.41 213.01 5760.15 
0.100 719.07 612.57 9446.70 355.36 254.65 4372.30 
0.158 880.71 728.29 7211.08 427.39 304.66 3311.95 
0.251 1075.53 857.99 5477.55 514.26 361.42 2502.55 
0.398 1295.94 996.67 4107.09 617.33 427.24 1885.95 
0.631 1562.51 1153.64 3079.08 738.02 500.32 1413.20 
1.000 1875.72 1324.19 2297.11 882.45 579.46 1055.77 
1.585 2232.86 1513.86 1703.40 1049.86 666.59 784.69 
2.512 2637.16 1718.15 1254.41 1242.45 754.81 578.79 
3.981 3094.28 1944.24 919.27 1456.45 848.01 423.36 
6.310 3610.56 2197.20 671.07 1691.90 944.73 307.13 
10.000 4189.39 2476.88 487.70 1943.35 1048.19 220.81 
15.849 4853.20 2786.18 353.88 2215.45 1167.40 158.01 
25.119 5601.50 3129.89 256.02 2508.85 1311.75 112.72 
39.811 6440.59 3518.28 184.75 2835.05 1492.75 80.49 
63.096 7386.00 3968.18 133.16 3212.70 1722.60 57.78 
100.000 8440.90 4497.05 95.82 3653.05 1999.85 41.65 
158.490 9590.35 5068.40 68.56 4146.50 2310.60 29.96 
251.190 10739.50 5421.30 47.97 4680.00 2527.25 21.18 
398.110 10995.20 4593.65 29.98 4846.75 2214.50 13.39 
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Table D.15: Dynamic shear rheological properties of Sample O at 200ºC and 210ºC 
 
T (ºC)   200     210   
ω (rad/s) G' G'' η* G' G'' η* 
0.010 12.91 13.72 1886.72 27.09 27.05 3828.13 
0.016 20.19 17.97 1705.81 45.22 39.88 3804.87 
0.025 26.45 22.38 1379.56 62.12 52.34 3234.23 
0.040 32.85 27.54 1076.92 80.58 65.07 2602.10 
0.063 40.20 33.01 824.43 100.33 79.55 2029.73 
0.100 48.90 39.30 627.36 122.63 96.41 1560.27 
0.158 59.14 46.58 475.03 149.23 116.13 1193.33 
0.251 70.59 55.05 356.42 179.84 138.81 904.54 
0.398 84.45 64.51 266.97 217.33 165.48 686.28 
0.631 100.27 75.95 199.39 261.48 195.84 517.82 
1.000 118.68 89.48 148.66 313.94 232.49 390.69 
1.585 139.65 106.19 110.72 376.13 274.52 293.84 
2.512 164.03 127.64 82.77 446.43 323.20 219.43 
3.981 192.64 155.58 62.23 527.51 381.72 163.57 
6.310 226.56 192.53 47.15 618.76 454.50 121.69 
10.000 267.73 242.40 36.14 721.04 547.24 90.53 
15.849 319.79 308.91 28.07 841.09 670.63 67.88 
25.119 386.68 398.03 22.10 985.34 837.41 51.48 
39.811 473.52 516.89 17.61 1163.98 1063.39 39.60 
63.096 587.62 676.23 14.20 1395.20 1368.67 30.98 
100.000 741.32 885.62 11.55 1698.77 1775.77 24.58 
158.490 1322.50 1630.52 13.25 2084.03 2295.40 19.56 
251.190 1703.66 2017.22 10.51 2603.97 2838.67 15.34 
398.110 2075.27 2117.90 7.45 3101.47 2968.13 10.78 
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